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Large-amplitude protein conformational changes are essential for cellular processes. Electron paramagnetic resonance (EPR)

spectroscopy can detect such conformational changes by measuring distances between site-directed spin labels, but lacks

atomistic detail. While standard MD simulations provide atomistic details, the relevant timescales are often inaccessible.

Here, we combine weighted ensemble path sampling with EPR distances to capture long-timescale protein conformational

transitions in an unbiased manner. We simulated hundreds of pathways for a large-scale conformational transition between

the closed and open states of the lysine/arginine/ornithine binding protein (LAOBP). Furthermore, we identified key residue-

level interactions that distinguish the two states. Selective mutagenesis of these residues leads to stabilization of the open

state of the protein. This approach integrates sparse EPR distances with atomistic simulations, revealing hidden protein

states that evolve on milliseconds to seconds timescales.

Introduction

Many proteins undergo large-scale conformational changes to
drive essential cellular processes, including signal transduction,
enzyme catalysis, and molecular transport. These structural
transitions enable a single protein to engage with different
partners at distinct times or locations (1-4). Conformational
changes may be triggered by ligand binding or by interactions
with other substrates, proteins, and DNA (2,5-7).
Understanding the mechanisms of these binding-induced
conformational changes is critical for understanding how
biological processes are regulated.

Electron paramagnetic resonance (EPR) spectroscopy
combined with site-directed spin labeling (8—15) has emerged
as a powerful method for probing protein conformational
dynamics (1,16—23). Pulsed dipolar EPR techniques (24-28) are
particularly informative, as they provide not only average spin-
spin distances, but also full distance distributions, which report
on the relative populations of alternate states and the degree
of conformational flexibility. A key limitation, however, is that
such experiments are typically performed on flash-frozen
protein ensembles, which preclude time resolution. Moreover,
EPR provides only sparse distance distributions, making
computational modeling essential for interpreting these
measurements into ensembles of atomistic structures.

Standard molecular dynamics (MD) simulations can capture
protein motions at the atomic level on the microsecond time
scale but are wunable to sample large-scale protein
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conformational transitions on the milliseconds to seconds
timescale. As an alternative, more rapid and approximate
methods have been developed to generate protein structures
that are consistent with EPR distances. These methods include
(i) elastic network modeling methods, such as Multiscale
Modeling of Macromolecules (MMM), to model conformational
transitions (29,30); (ii) atomistic simulation methods that apply
external forces such as restrained molecular dynamics (31) and
Modeling Employing Limited Data (MELD) (32); (iii) atomistic
simulation methods that alter the free energy landscape, such
as metadynamics (33) and simulated annealing (34-37); and
(iv) atomistic structure prediction methods, including
RosettaEPR (38) and more recent deep-learning—guided
approaches (e.g., AlphaFold2) (39) that incorporate EPR
distance restraints (40).

In contrast, the weighted ensemble (WE) (41,42) strategy is
particularly powerful for sampling pathways and rates of rare
events, including large-scale conformational transitions in
proteins (43—45) and protein-protein binding (46). Its efficiency
comes from focusing simulation efforts on the transitions
between stable states rather than the stable states themselves
(42). In a WE simulation, multiple MD trajectories are run in
parallel and assigned statistical weights. The algorithm then
proceeds iteratively in two steps: (i) dynamics are propagated
for a short time interval 7, and (ii) trajectories are resampled
based on progress—typically along a chosen coordinate (the
progress coordinate) that is partitioned into bins. During
resampling, trajectories that occupy new bins are replicated
(with weights split accordingly among child trajectories), while
oversampled trajectories within a bin are occasionally
terminated (with weights merged with those of surviving
trajectories). This procedure ensures even coverage of the free
energy landscape. Crucially, trajectory weights are rigorously
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tracked throughout, maintaining a statistically unbiased
distribution with a total probability of one. Because weights are
independent of the progress coordinate, both the coordinate
and bin positions can be adjusted during a WE simulation.

The key advantage of WE sampling is its ability to generate
unbiased pathways and direct estimates of rates—all without
the use of any external biasing forces or alterations of the
energy landscape. The main caveat of the WE strategy is the
requirement of a proper progress coordinate to monitor the
slowest relevant motion(s). Recently, we applied the WE
strategy based on insights from EPR-measured distance
distributions (47) to explore the conformational landscape of a
homo-dimeric protein, human glutathione S-transferase A1-1
(hGSTA1-1). The progress coordinate was designed to capture a
large difference in EPR-measured distances for two alternate
conformational states (47). Specifically, this progress
coordinate monitored the dissociation of the a9 helix in one of
the two subunits using a root-mean-squared deviation (RMSD)
metric. In addition to sampling atomistic structures
corresponding to both states, the WE simulations produced an
ensemble of transition pathways for the interconversion of the
states.

In the current work, we focus on the closed-to-open
transition between two alternate states of a monomeric
protein, lysine/arginine/ornithine binding protein (LAOBP), an
extracellular receptor that mediates the uptake of nutrients
such as amino acids (48,49). LAOBP is an ideal model system for
studying large conformational transitions due to the availability
of high-resolution crystal structures for its closed, ligand-bound
and open, ligand-free states (Figure 1) (50). Due to the long
timescales of the closed-to-open transition, previous simulation
studies of LAOBP have either employed external biasing forces
(51) or relied on a large set of short conventional MD
simulations (52). Using the WE strategy with the EPR distance
directly as a progress coordinate, we simulated 381 closed-to-
open pathways of the ligand-free LAOBP protein within 29 days
on eight A100 GPUs. These simulations employed a two-
dimensional WE progress coordinate that simultaneously
monitored the long-range distance between EPR spin labels and
tracked the protein’s opening angle. We further identified key
interactions that distinguish the closed and open states. We
show that mutagenesis of these residues leads to stabilization
of the open state. Together, these results establish a WE-based
simulation workflow that integrates EPR-measured distances
without introducing any bias in the dynamics and provides a
general framework for studying large-scale protein
conformational changes in other dynamic protein systems.

Results and discussion

In this work, we used the distance between EPR spin labels
in LAOBP as a progress coordinate in weighted ensemble (WE)
simulations to sample the transition pathway between the
closed and open states of the protein. While there is a wide
variety of spin labels used in EPR to study conformational
changes in proteins, (8,12,14,53,54) we chose the Cu(ll)-
nitrilotriacetic acid (NTA) spin label. In this spin label, Cu(ll)
coordinates with two strategically mutated histidine residues at
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Figure 1. The open (ligand-free) (PDB:2LAQ) and closed (ligand-

bound) (PDB:1LST) states of lysine binding protein. The protein is

shown in grey, the bound lysine is shown in red, the histidine

residues and nitrilotriacetic acid (NTA) capping ligand of the spin

label is shown in blue, and the Cu(ll) metal ion is shown in light

orange. The predicted distance between the EPR spin labels is
precision than traditional labels, making it an ideal label to
resolve conformational changes incisively (14,57).

EPR Experiments
Choice of Labeling Sites

To determine potential spin label sites, we used the
Multiscale Modeling of Macromolecules (MMM) method to
scan potential Cu(ll)-NTA labeling sites in the ligand-free (open)
and ligand-bound (closed) structures of the LAOBP. This method
predicts potential labeling sites by using rotamer libraries to
select the most probable conformations of spin labels at various
sites in the protein structure. We then filtered down the choice
of labeling sites to pairs of sites that are (i) located at secondary
structures (i.e., a-helix or B-sheet), (ii) solvent exposed in both
the open and closed states, and (iii) yield measurable
differences in Cu(ll)-Cu(ll) distances and Ca -Ca distances
between the two states. The predicted distances were
calculated using both the MMM (29,30,58) and chilLife methods
(59,60).

In total, there are 15 site pairs that are potentially suitable
for describing the conformational changes (Table S1 and Figure
S2). To further narrow down the number of site pairs, we
explored the ability of each pair to differentiate between the
closed and open states of LAOBP using MD starting from both
the ligand-free and the lysine-bound states. Calculated distance
distributions between the Ca atoms of the 15 site pairs
discussed above are presented in the Sl (Figure S1). Out of the
15 site pairs, sites 156/K60 to sites D144/5S148 show the largest
peak separation (~9 A), with minimal overlap between the two
states. Sites 156/K60 and D144/5148 are also close in sequence
to prior DEER experiments using Gd(lll)-based labels (61). The

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. A) The CW-EPR spectra of Cu(ll)-NTA (grey) and protein-bound Cu(ll)-NTA (blue). The spectral shifts are shown by dashed vertical
lines between the two spectra. The protein-bound spectrum can be simulated using a single component with g- and hyperfine tensors
that are consistent with reported values of dHis-Cu(ll) coordination. B) The ESEEM spectrum obtained on protein-bound Cu(ll)-NTA shows
characteristic peaks that are consistent with coordination to His sidechains. The inset shows the ESEEM signal.

I56H/K60H/D144H/S148H construct was therefore chosen for
the EPR studies.

CW-EPR and ESEEM to Ascertain Labeling

The double histidine (dHis) mutant
(I56H/K60H/D144H/S148H) of LAOBP was expressed and
labeled with Cu(ll)-NTA as described in the Methods section.
Continuous-wave (CW) -EPR experiments were then performed
to ensure proper labeling of the 156H/K60H/D144H/S148H
mutant of LAOBP. Figure 2A shows the CW-EPR spectra of free
Cu(ll)-NTA (grey) and dHis-protein bound Cu(ll)-NTA (blue).
There are clear spectral changes observed when the Cu(ll)-label
binds to the protein. These shifts in peak positioning are evident
in the low field region and are indicated by vertical dashed lines.
The spectrum of LAOBP-bound Cu(ll)-NTA was simulated using
only one component, and the simulated spectrum is overlaid in
black dashed in Figure 2A. The gy and A values were 2.275 and
166 G, respectively, which is consistent with reported values for
dHis-Cu(ll) coordination (55,62,63). Additionally, no free Cu(ll)-
NTA component was observed in the protein data, which
suggests complete labeling of the dHis sites on LAOBP.

Next, confirm the binding of Cu(ll)-NTA
specifically to the sites on LAOBP, we performed pulsed

to further

electron spin echo envelope modulation (ESEEM) experiments.
ESEEM (64,65) experiments probe the interaction between the
central Cu(ll) ion and the non-coordinating nitrogen of the
histidine residue. The inset to Figure 2B shows the ESEEM signal
obtained for dHis-LAOBP bound to Cu(ll)-NTA. The signal has
clear modulations characteristic of histidine coordination. The
ESEEM spectrum, shown in Figure 2B, contains three distinct
nuclear quadrupolar interaction peaks below 2 MHz and a
broad double quantum peak from 4-6 MHz (66-72). These
peaks are indicative of Cu(ll) coordinating to histidine sites.
Taken together, CW-EPR and ESEEM suggest complete and
specific coordination of Cu(ll)-NTA to the target sites on LAOBP.

Distance Measurements

This journal is © The Royal Society of Chemistry 20xx

To probe the different conformational states of LAOBP, we
(DEER)
experiments. These experiments were performed at Q-Band
(~34 GHz) to obtain Cu(ll)-Cu(ll) distance constraints on LAOBP
with and without the lysine ligand. Figure 3 shows the

performed double electron-electron resonance

background-corrected DEER data and corresponding distance
distributions on LAOBP. The data was collected at two optimal
field positions (73,74) as indicated in the inset to Figure 3, and
then summed to ensure orientational effects are mitigated (75—
77). The primary signals and spectra are provided in the S|
(Figure S3A and S3B). In the absence of the ligand, the time
trace shows shallow modulations (top panel) and the presence
of two frequency components. Analysis of this trace yields a
bimodal distance distribution with a peak at 3.5 nm with a
standard deviation of 0.26 nm and another at 4.6 nm with a
standard deviation of 0.18 nm. This data is interesting, as prior
crystallographic LAOBP only
conformation in the absence of the

resolved one
(50). This
conformation is consistent with the 4.6 nm distance. Here,

studies on
ligand

solution EPR results resolve the complete conformational
ensemble, and the results suggest that the protein samples two
distinct conformations in the ligand-free state. The rigidity of
the Cu(ll) spin label
measurement clearly resolves the bimodal distribution within
the open state of LAOBP. On the other hand, complete
saturation of the protein with lysine (1.5 lysine: Protein) yields

is particularly crucial here, as the

a DEER signal (bottom trace) with three periods of well-resolved
modulations, which suggests that the protein has a more
limited range of conformational flexibility. Indeed, the distance
distribution (c.f. right bottom panel) shows a single narrow
distance of 3.3 nm with a standard deviation of 0.15 nm. Taken
together, this data suggests that in the absence of lysine, the
protein samples two dominant conformations, and the binding
of the ligand leads to a selection of the more rigid and compact
conformation.

We also acquired data at a sub-stoichiometric concentration
of lysine (0.5 lysine: protein). This data is shown in the middle

J. Name., 2013, 00, 1-3 | 3
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Figure 3. A) Background-corrected DEER signal for LAOBP protein. The top panel shows the trace for the ligand-free state of the protein. The
middle trace shows the time domain signal for an intermediate state with a sub-stoichiometric amount of ligand. The bottom time trace is
for the ligand-bound state. The inset shows the Field Swept Electron Spin Echo (FS-ESE) spectrum, indicating the two positions where DEER
measurement was performed. B) Corresponding distance distributions obtained from DEERAnalysis’®. The distribution for the open state is
broad and bimodal. Thus, the protein adopts a wide range of conformations in this state. The distribution for the closed state is narrow with
a standard deviation of 0.15 nm. The grey shaded regions show the uncertainty in distance analysis due to the variation in the fitting in the

background function in the DEER signal.

panel of Figure 3. The modulations in the time domain signal
are more pronounced than the ligand-free state but shallower
than the ligand-bound state. As anticipated, the peak at 4.6 nm
is significantly attenuated. Similarly, the peak at 3.3 nm is
preserved but is broader than the closed state, with a standard
deviation of 0.20 nm. This shift in the distance distribution
suggests that the protein adopts a mixture of conformations,
consistent with a partially bound intermediate state
distribution. The data was also analyzed using DEERNet (78) and
Comparative Deer Analyzer (79,80). The distributions obtained
are shown in Figure S4, and these distributions are consistent
with the results shown in Figure 3B. Data on wildtype LAOBP
was also collected to ensure there were no contributions to
these distance distributions from non-specific coordination of
the Cu(ll) label. The DEER signal for this sample, shown in Figure
S5, does not contain any modulations.

Weighted Ensemble Simulations
Closed-to-open transitions

To initially probe the closed to open state transition of
LAOBP upon ligand removal, we performed standard MD
simulations of LAOBP with the Cu(ll)-NTA label explicitly
modeled at the dHis sites (I156H/K60H/D144H/S148H), using
previously developed force fields for the spin labels (76). Within
the ps timescales of the standard MD simulations, we were
unable to capture any conformational transitions of LAOBP
between the ligand-bound and the ligand-free states (Figure
S6).

4| J. Name., 2012, 00, 1-3

While the standard simulations failed to capture transitions,
they provided initial definitions of the stable states. To focus the
computing power on the transition between the ligand-bound
and ligand-free states of LAOBP rather than stable states, we
ran weighted ensemble (WE) simulations. We started the WE
simulations from the equilibrated structure of the ligand-bound
(holo) state with the ligand removed. WE simulations were
carried out along a two-dimensional progress coordinate
consisting of the Cu(ll)—Cu(ll) distance and the opening angle.
Figure 4A (left) shows the definition of the opening angle, 6. This
angle provides a quantitative measure of how widely the lobes
are oriented relative to one another, and more details of the
definition are provided in the Methods section. Figure 4A (right)
shows the position of the Cu(ll)-NTA labels modeled on the
protein for the simulation.

This scheme of using a two-dimensional progress coordinate
is different from the prior work on a detoxification enzyme (47),
where a one-dimensional progress coordinate based on the
combined heavy atom root mean square deviation of two a9
helices (one from each monomer) after alignment on the rest of
the protein dimer was sufficient, as the protein was a homo
dimer. Since LAOBP is not a homodimer, a one-dimensional
coordinate based solely on the Cu(ll)-Cu(ll) distance was
insufficient to drive transitions between states in the WE
simulation. We therefore added the tracking of the opening
angle as a second dimension to the progress coordinate. The
opening angle is a suitable choice for substrate-binding
proteins, which typically undergo opening or twisting motions

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Weighted ensemble (WE) simulation of the LAOBP closed-to-open transition. A) Probability distribution from the WE simulation
as a function of the Cu(ll)—Cu(ll) distance and the opening angle. These coordinates are defined in the grey ribbon diagrams of LAOBP.
A representative transition pathway is shown as a white line overlaid on the distribution. Labels 1, 2, and 3 indicate the protein
conformations along the transition pathway highlighted in Figure 4B. B) Representative LAOBP snapshot configurations along the
transition pathway shown in panel A, corresponding to the open, transient, and closed states. The starting, closed structure is shown as
a transparent cartoon for reference. The EPR spin labels are highlighted: the double histidine site and NTA ligand are shown in blue
licorice representation, and the Cu(ll) ion in orange van der Waals representation.

during conformational changes. In the case of LAOBP, the
opening angle of the stable states differed significantly. The MD
equilibrated structure of the ligand-bound state has an average
Cu(ll)=Cu(ll) distance and opening angle of 33 A and 50°,
respectively. For the ligand-free state, these values are 43 A and
85°, respectively. Using WE simulations, we successfully
captured 381 continuous pathways from the closed to the open
states of LAOBP (Figure 4). The middle panel of Figure 4A shows
a two-dimensional probability distribution of all five WE
simulations as a function of the opening angle and Cu(ll)-Cu(ll)
distance. The distribution reveals the ensemble of
conformational pathways sampled during the transition. The
astable states are defined by high-probability basins, and the
connecting probability density delineates several distinct
pathways for the transition. A representative pathway for the
transition between the two states is traced in white in Figure 4,
along with different conformational snapshots of LAOBP
sampled along the representative pathway. Structures 1, 2, and
3 represent conformations characteristic of the closed state,
transient intermediate, and open state, respectively. Although
the transient (semi-closed) state has a Cu(ll)-Cu(ll) distance
similar to that of the closed state, it is structurally distinct from
the ligand-bound closed conformation, showing a markedly
different opening angle. This transient state likely corresponds
to the intermediate we previously detected by EPR using a sub-
stoichiometric ratio of the lysine ligand. A movie of the
continuous pathway from the WE simulation is shown in Movie
S1. During the WE simulation, the Cu(ll)-Cu(ll) distance changes
from 32 A to 45 A, which is consistent with the EPR results

This journal is © The Royal Society of Chemistry 20xx

(Figure 3). This result was confirmed by five independent WE
simulations (Figure S8). This concordance with experimental
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Figure 5. Probability distributions of 25, 600-ns standard MD
simulations (15 us of aggregate simulation time) initialized from
the ligand-free open state sampled during our WE simulations.
The main plot features the negative natural log of the probability
distribution of the Cu(ll)-Cu(ll) distance and opening angle over
time for all 25 simulations while the marginal plots show the
normalized probabilities of the corresponding axis.

EPR results is particularly notable because the WE simulations
were not restrained to match the EPR distances.To access the

J. Name., 2013, 00, 1-3 | 5
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stability of the open state sampled from the WE simulations, we
selected five end structures from each WE

simulation and initiated 25, 600-ns standard MD
simulations from each structure (totaling to an aggregate
simulation time of 15 us). The probability distribution of all
conformations sampled in the standard MD simulations, plotted
as a function of Cu(ll)-Cu(ll) distance and opening angle, is
shown in Figure 5 and Figure S9. From Figure 5, we note that
after 600 ns of simulation time, the simulations remained
mostly in the ligand-free state originally sampled during the WE
simulations. The open state displays a range of Cu(ll)-Cu(ll)
distances and opening angles, as reflected in the distribution,
suggesting intrinsic flexibility within the open-state ensemble.
The marginal plots in Figure 5, show the one-dimensional
normalized probability distribution of each progress coordinate,
where the Cu(ll)—Cu(ll) distance shows a bimodal distribution
consistent with our EPR distance distribution data.

While WE simulations can be used to estimate rates
between stable states, obtaining converged estimates would
require substantially greater sampling of both the closed-to-
open and open-to-closed transitions. We leave this calculation
for future work, when experimentally measured values for
these rates become available for validation. Beyond the LAOBP
open and closed states and the transient intermediates
connecting them, we also sampled structures that fall outside
of the primary pathway shown in Figure 4. These conformations
exhibit either a large opening angle with a short Cu(ll)—Cu(ll)
distance or conversely, a small opening angle with a long Cu(ll)-
Cu(ll) distance (Figure S11).

Collectively, our simulations show that the two stable states
have a Cu(ll)-Cu(ll) distance of 32 A and 45 A. This agrees with
our EPR data (Figure 3), which also suggests that in the LAOBP
ligand-free state, there are two different conformational states.
This is not unexpected, as previous studies with substrate-
binding proteins have shown that they can be in a semi-closed
or closed state even in the absence of ligand (76,81-83,83—85).
Together, our data suggest that EPR distances can be used as a
reliable progress coordinate for driving the sampling of
conformational transitions and simulating atomistically detailed
pathways of large-scale protein conformational transitions.

6 | J. Name., 2012, 00, 1-3

Key interactions along the transition pathway

To gain mechanistic insight into the open-to-closed
transition of LAOBP, we identified residue-level interactions
that most strongly distinguished between WE-sampled open,
transient, and closed conformational ensembles (Figure S10)
using Jensen-Shannon divergence, as implemented in the Key
Interaction Finder Python package(86). This analysis revealed
that the closed to open transition is primarily mediated by an
inter-domain hydrogen-bonding network that reorganizes
along the pathway between the closed and open states (Figure
6), with additional contributions from hydrophobic and
electrostatic interactions.

We identified residue T121 as a key anchor point for the
main hydrogen-bond network, predominantly interacting with
T74, R77, and S72. The LAOBP domain-domain interface is
further stitched together by an H-bonding network between
Y14, D161, and N143, along with hydrophobic interactions
between F17, V163, and A164. We also identified Y14 as the
anchor point for a secondary hydrogen-bonding network,
predominately interacting with D161 and N143. The most
dominant set of hydrophobic interactions was between
residues, 164, L59, and L55, which underwent modest
rearrangements near the EPR spin label. From both our EPR and
simulation data, both open and closed conformations are
accessible in the absence of ligand. This result suggests a
conformational selection mechanism rather than an induced fit
mechanism where the protein changes conformation upon
ligand binding.

To test the effect of mutating residues critical to the
interdomain hydrogen-bond network that guides the
conformational transition, we expressed, purified, and spin-
labeled two mutants of LAOBP: T121A and Y14A. Figure 7A
shows the background-corrected time domain signal for the
T121A mutant in the absence and presence of ligand. The
primary signals are shown in the Sl (Figure S12). Figure 7B shows
the corresponding  distance  distributions  obtained.
Interestingly, even in the ligand-free state, the T121A mutation

This journal is © The Royal Society of Chemistry 20xx
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the opening angle and the Cu(ll)-Cu(ll) distance. Representative values for the open and closed states are marked by the orange and white

circles, respectively.

introduces some changes in the conformational ensemble.
When compared to the WT data shown in Figure 3A and B, the
conformational ensemble has shifted more towards the longer
distance . Importantly, in the presence of 1.5 equivalents of
lysine, there is no significant change in the time domain signal
or the distance distribution. This data contrasts with the WT
protein, where lysine binding led to a clear compaction of the
conformational ensemble. This result demonstrates that
substitution of threonine at the 121 position alone is sufficient
to bias the conformational equilibrium toward the open state.
Therefore, ligand-induced closure of the protein is prevented.
Time domain data and distance distribution for the Y14A
mutant are shown in Figures 7C and 7D, respectively. For the
Y14A mutant, we obtain a broad distribution ranging from 30-
53 A. As observed for T121A, addition of lysine does not
produce any observable shift in the distance distribution.
Tyrosine 14 serves as a central hinge within the interdomain
hydrogen-bond network that drives ligand-induced closure.
Disruption of this residue destabilizes the closed state,
effectively biasing the protein toward a broad open
conformation. To further assess the effects of the T121A and
Y14A variants, we carried out conventional MD simulations of
each variant starting from the closed, ligand-removed state
(Figure 7E). While the WT LAOBP remains in the initial closed
state throughout the simulations, both the T121A and Y14A
variants show a substantially greater preference towards the

This journal is © The Royal Society of Chemistry 20xx

open state. In particular, the Y14A variant favors a Cu(ll)-Cu(ll)
distance distribution centered around 40 A, which is remarkably
consistent with the EPR-measured distances. In contrast, the
T121A variant samples a broader and more heterogeneous
conformational distribution, also consistent with our EPR
results. Together, these differences between the LAOBP T121A
and Y14A variants likely arise from disruptions in the hydrogen-
bonding networks that separate the two states, which we
previously identified, thereby directly supporting the results of
our interaction analysis.

Conclusions

In this work, we characterize the large-scale conformational
transition from the closed to open states of the
lysine/arginine/ornithine  binding  protein  (LAOBP) by

integrating EPR spectroscopy with weighted ensemble (WE)
simulations. EPR provided sparse yet highly informative
distance distributions that captured the dynamic nature of
LAOBP, while WE simulations complemented these data with
atomistic details of the transition process, which was
inaccessible to standard MD due to the millisecond timescale of
the exchange. Using WE, we sampled multiple continuous
transition pathways between the open and closed states in the
absence of ligand, providing direct structural insights into the
structures underlying the experimentally observed distance
distributions. Our analysis revealed that the transition is

J. Name., 2013, 00, 1-3 | 7
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primarily mediated by an inter-domain hydrogen-bonding
network centered around residue T121 and Y14, with lysine
binding potentially stabilizing the closed state through a
conformational selection mechanism. Substitution of T121 or
Y14 residues shifts the conformational equilibrium toward the
open state. Together, these findings highlight the power of
combining sparse distance restraints from EPR with enhanced-
sampling simulations to resolve conformational exchange
processes at atomic resolution. We anticipate that this
integrative strategy will be broadly applicable to other proteins
undergoing large-scale conformational changes, enabling
mechanistic insights that are both experimentally grounded and
atomically detailed.

Experimental
Protein Purification

The double histidine mutant (156H/K60H/D144H/S148H) of
LAOBP and WT LAOBP was expressed in BL21 (DE3) E. coli cells
using a previously described procedure with the pET12a vector,
which contains the sequence. The cell pellets were resuspended
in 20 mM Tris-HCI buffer (pH 8.5) containing 5 mM NaCl and
0.12% Triton X-100, and then lysed through sonication. The
lysate was centrifuged at 5000 rpm for 30 minutes at 4 °C, and
the supernatant containing LAOBP was subjected to
purification. Initial purification was carried out using a HiTrap Q
HP anion exchange column, and the protein was eluted in the
flow-through and checked using 12% SDS-PAGE. To dialyze and
remove ligands (amino acids) that may have bound during
expression and purification, the protein had to be washed
before the size exclusion column. The protein was unfolded to
remove bound ligands by treatment with 5 mM Tris buffer (pH
8.5) containing 2 M guanidinium chloride (GdnHCI), followed by
centrifugation using a 10 kDa filter. This centrifugation step was
repeated five times to ensure effective ligand removal.
Refolding was then induced by repeated buffer exchange with
denaturant-free buffer (sodium phosphate buffer at pH 6.5) and
centrifugation (at least five cycles) to remove GdnHCI
completely. The refolded protein was analysed through LC-MS,
and the data is shown in Figure S13. There is a single sharp peak
with the mass corresponding to the apo protein. This procedure
of unfolding and refolding the protein has been described in
prior work with LAOBP (61,87,88). The refolded protein was
subsequently purified further by passing it through a size-
exclusion column. For the EPR experiments, 100 uM LAOBP was
labeled with 200 uM Cu(ll)-NTA in MOPS buffer at pH 7.4 using
procedures outlined before (89). Mutants T121A and Y14A dHis
LAOBP were expressed in BL21 (DE3) E. coli cells using the pET3a
vector. The same purification protocol described above was
followed, along with the refolding and folding procedure (5
times each) to dialyze any bound ligands. CW-EPR and ESEEM
experiments were performed on the mutants to ensure proper
labeling with Cu(ll)-NTA and the data is provided in Figure S14.
CW EPR and ESEEM Experiments

CW-EPR experiments were performed on a Bruker E580 X-
band (~9.4 GHz) FT/CW spectrometer. The temperature for all
experiments was controlled using an Oxford ITC503
temperature controller with an Oxford ER 4118CF gas flow

8| J. Name., 2012, 00, 1-3

cryostat. CW-EPR spectra were recorded using, aBruker
ER4118X-MD5 resonator at 80 K. The dataQhépPd &slieeteddwith
a 4 G modulation amplitude, 100 kHz modulation frequency,
10.24 ns time constant, 20.48 ms conversion time, and 30 dB
attenuation. Each spectrum was centered at 3100 G with a 2000
G sweep range over 1024 points. The resulting spectra were
background-subtracted, area-normalized, and simulated using
EasySpin (90).

ESEEM experiments were performed at X-Band using the
Bruker ER4118X-MD5 resonator at 18K. A three-pulse sequence
of [(1/2)—t—(r/2)-T—(r/2)—echo] with four-step phase cycling
was employed, with a 1t/2 pulse length of 10 ns. The separation,
T, was set to 132 ns, and an initial value of 264 ns was used for
T. This value of T was incremented by 16 ns steps for a total of
1024 points. Measurements were taken at the magnetic field
corresponding to the maximum intensity in the field-swept
echo-detected spectrum of each sample. The acquired ESEEM
traces were phased, background-corrected, zero-filled with an
additional 1024 points, and fast Fourier transformed to obtain
the frequency spectra. The magnitude spectrum is shown.

DEER Experiments

Q-band distance measurements were carried out on a
Bruker ElexSys FT/CW spectrometer equipped with a Bridge12
resonator, Bruker SpinJet AWG, and a 300 W amplifier. A four-
pulse DEER pulse sequence was used: (r/2)v1-tl-(rt)v1-T-(mt)v2-
12-(r)vl-t2 echo. Observer /2 and it pulses of 8 ns and 16 ns
were applied, while the t pump pulse was set to be a frequency-
swept chirp of 100 ns (-300 to -100 MHz relative to the
observer frequency). The measurement for the lysine-bound
sample was collected for a total of 129 points with a 20 ns step
size. For the ligand-free sample, the pump pulse was set to be a
200-ns chirp pulse, and the data was acquired over 187 points
with a step size of 24 ns. The data was analyzed using
DEERAnNalysis (91) and DEERNet (78).

Standard MD Simulations

Heavy-atom coordinates for the open and closed
conformations of LAOBP were extracted from crystal structures
of the ligand-free protein (PDB code: 2LAO) and the lysine-
bound conformation (PDB code: 1LST) of LAOBP.(50) For the
dHis LAOBP mutant (56H/60H/144H/148H), the initial structure
was created through computational mutagenesis. The 156, K60,
D144, and S148 sites were mutated to histidine. The tleap
module in Amber was used to build the histidine side chains at
residue positions 56, 60, 144, and 148 and to add hydrogen
atoms. Appropriate rotamers of dHis were selected in PyMOL
for incorporation of Cu(ll)-NTA. The resulting dHis—Cu(II)-NTA
complex was then aligned with the dHis sites of the proteins.

All simulations of the spin-labeled LAOBP protein were
carried out using the AMBER ff19SB force field (92) for the
protein and the OPC water model (93). The protein was
immersed in a periodic, cubic box of solvent with a 12 A buffer.
Sodium and chloride ions were added to neutralize the system
using Joung and Cheatham ion parameters(94). Simulations
were performed with the GPU-accelerated PMEMD module of
the AMBER21 software package(95—97). Energy minimization

This journal is © The Royal Society of Chemistry 20xx
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was first applied to the solvated systems with harmonic position
restraints on the protein backbone, and gradually reduced from
20, 10, 5, and 1 to O kcal/(mol-A2) over 12,000 steps. The
minimized structures were then equilibrated at a constant
temperature of 298 K and constant volume for 20 ps with
harmonic position restraints on the heavy atoms with a force
constant of 1 kcal/(mol-A2) (98). Each system was subsequently
equilibrated for 1 ns with the same heavy-atom restraints and
then without restraints at constant temperature (298 K) and
constant pressure of 1 atm. Temperature was controlled by a
Langevin thermostat with a collision frequency of 1.0 ps™, and
pressure was maintained at 1 atm using a Monte Carlo barostat
with pressure changes attempted every 0.2 ps. To enable a 2-fs
time step, all bonds to hydrogens were constrained to their
equilibrium values using the SHAKE algorithm (99). Short-range
nonbonded interactions were truncated at 10 A and long-range
electrostatic interactions were treated with the particle mesh
Ewald method (100). Five independent 200-ns MD simulations
were performed on the spin-labeled 56H/60H/144H/148H
mutant of LAOBP. To access the stability of WE-sampled
conformations of the LAOBP open state, 25, 600-ns MD
simulations were initiated from each conformation using the
same settings as described above. For the T121A and Y14A
variants of LAOBP, each system was modified using ChimeraX
starting from the closed state, ligand-removed LAOBP structure
(1LST) and equilibrated as described above. For each variant,
five independent replicas were then carried out for 600-ns each.

Weighted Ensemble Simulations

To enhance the conformational sampling of LAOBP,
weighted ensemble (WE) simulations were run starting from
the closed, ligand-removed state obtained after standard MD
equilibration. WE simulations were initiated from the closed,
ligand-bound state, where the conformational transition could
be more readily induced by ligand removal. All WE simulations
were carried out using the open-source WESTPA 2.0 software
package (101). In WE sampling, a progress coordinate is
partitioned into bins, and multiple short trajectories are run in
parallel. At fixed time intervals, a resampling procedure is
applied that replicates or prunes trajectories to maintain a
target number per bin. Throughout the simulation, trajectory
weights are rigorously tracked to ensure that their sum remains
normalized to one, ensuring no statistical bias occurs during
trajectory resampling.

WE simulations employed a two-dimensional progress
coordinate defined by (i) the distance between the two Cu(ll)
ions and (ii) an opening angle that describes the relative motion
of the two lobes surrounding the copper-binding site. The
opening angle was calculated by first determining centers of
mass (COMs) for three structural regions: the bottom lobe
(residues 9-18, 29, 49-55, 6673, 76, 82, 87—88, 193-195), the
top lobe (residues 115-123, 140-143, 145, 158-163, 189-190),
and the loop region connecting the lobes (residues 89 and 191).
A plane was defined using the COM of the bottom lobe together
with the Ca atoms of residues 89 and 191. The opening angle
was then computed as the angle between the vector from the
loop COM to the top lobe COM and the normal vector to the

This journal is © The Royal Society of Chemistry 20xx
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plane defined by the bottom lobe and the two lggp sesidiies.
This angle provides a quantitative measut@!'df Ao/ Widelythe
lobes are splayed relative to one another.

Using the minimal adaptive binning scheme (102), six
adaptive bins were placed along each of the two progress
coordinate dimensions. A resampling interval T of 50 ps was
employed to maintain a target of four trajectories per bin. Five
independent WE replicates were performed, each for 200
iterations to generate a maximum trajectory length of 10 ns.
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