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Summary

Lassa virus contains a nucleoprotein (NP) that encapsulates the viral genomic RNA forming the
ribonucleoprotein (RNP). The NP forms trimers which do not bind RNA, but a structure of only
the NP N-terminal domain was co-crystalized with RNA bound. These structures suggested a
model in which the NP forms a trimer to keep the RNA gate closed, but then is triggered to
undergo a change to a form competent for RNA binding. Here we investigate the scenario in which
the trimer is disrupted to observe if monomeric NP undergoes significant conformational changes.
From multi-microsecond molecular dynamics simulations and an adaptive sampling scheme to
sample the conformational space, a Markov State Model (MSM) is constructed. The MSM reveals
an energetically favorable conformational change, with the most significant changes occurring at
the domain interface. These results support a model in which significant structural reorganization
of the NP is required for RNP formation.

eTOC Blurb

The Lassa virus nucleoprotein binds viral RNA, however experimental studies have not resolved
this structure due to the nucleoprotein propensity to form trimers, which prevent RNA binding.
Pattis and May have used advanced molecular simulation techniques to reveal large
conformational changes in the nucleoprotein which may allow for RNA binding.
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Introduction

Lassa virus is the causative agent of Lassa fever, a sever hemorrhagic fever which is
estimated to infect between 100,000 and 300,000 people per year, primarily in western
Africa, and leads to 5000 deaths per year(Falzarano and Feldmann, 2013; Haas et al., 2003).
Transmission of Lassa virus to humans occurs through contact with Lassa infected rodent’s
urine and feces. Both the NIH and the WHO have classified Lassa as a category A priority
pathogen due to its high risk to public health. Lassa is also a threat to other parts of the
world as it is the most frequent hemorrhagic fever to spread to Europe and the United
States(Haas et al., 2003; Holmes et al., 1990; Macher and Wolfe, 2006).There have been an
increasing number of large outbreaks in the last few years(Dan-Nwafor et al., 2019; llori et
al., 2019).

Lassa currently has only one vaccine that recently entered stage | clinical trials but no
vaccines that have progressed further than stage I(Purushotham et al., 2019). The other
treatment options are limited to only preventative care, with Ribavirin being helpful if
administered early after infection(Purushotham et al., 2019). There is a significant need for
increased understanding of the Lassa protein structures and interactions to aid in the
development of new therapeutics.

Lassa is an enveloped virus that has two strands of single stranded RNA. It has four genes
and uses an ambisense coding strategy where the polymerase and nucleoprotein (NP) are
transcribed first, then the Z protein and glycoprotein precursor protein are transcribed later
in the life cycle after RNA replication(Yun and Walker, 2012). The single stranded RNA
genome is encapsulated by the NP, forming the ribonucleoprotein (RNP) to protect the RNA
from detection by the immune system. The RNP also acts as a scaffold for the polymerase.
The RNA genome segments have reverse complementary tails, which stick together and
form the promoter for the polymerase and cause the RNA to make a hairpin(Kranzusch et
al., 2010). While the 3D structure of the Lassa RNP is not known, cryo-EM structures of
similar negative strand RNA viruses show the RNP as a twisted helical structure(Moeller et
al., 2012; Wang et al., 2012).

The NP contains 569 residues comprising two domains which are connected by an
unstructured linker segment. The N-terminal domain is involved in RNA binding(Hastie et
al., 2011a) while the C-terminal domain contains an exonuclease to digest double stranded
RNA(Hastie et al., 2011b). The first crystal structure of Lassa NP was solved with three
subunits in the asymmetric unit, which each form symmetric trimers through the
crystallographic symmetric (P3). The NP trimer does not have an exposed RNA binding site,
Figure 1A-B(Qi et al., 2010). A subsequent study was able to co-crystalize the N-terminal
domain with a short strand of RNA bound to the NP, Figure 1C(Hastie et al., 2011a). In the
RNA-bound structure some large conformational differences from the apo trimer structure
were observed, mainly the shifting out of helix 6, the loss of helicity of helix 5 and the
shifting down of a loop to the left of helix 6. Hydrogen deuterium exchange was also
performed on the full length NP as well as a double mutant near the NP-NP interface, far
from the RNA binding site, which elutes as a dimer. This double mutant showed much
higher solvent exposure of helix 5, 6, and the RNA gate suggesting that disruption of the
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trimer may allow easier opening of the RNA binding pocket. Expression and purification of
wild-type Lassa NP from several different cell lines, consistently shows the NP forms
trimers, which are not associated with RNA.(Brunotte et al., 2011; Hastie et al., 2011a;
Lennartz et al., 2013; Qi et al., 2010)

The model put forward by Hastie and coworkers(Hastie et al., 2011a) was that NP trimerizes
during viral transcription to prevent off-target RNA binding and to build up a large store of
NP. Then during RNA-replication some signal will break up the NP trimer, causing the C-
terminal domain to shift away from the N-terminal domain and expose the RNA binding
pocket. It was proposed that in the shifted conformation the NP can bind RNA allowing for
organization of NPs onto the newly formed viral genomic RNA and formation of the RNP.
There is still much unknown about the molecular mechanisms of Lassa infection and more
work is needed to understand them. Furthermore, these protein conformational changes may
expose novel targets for drug discovery which block the proteins function.

The dynamics of the N-terminal domain have been studied previously(Pattis and May,
2016). It was found that the slow global motions primarily involve helix 6 motions. Apo NP
was found to have a large barrier for helix 6 opening whereas RNA bound NP was found to
have a fairly small barrier for opening. This along with correlated motions in intermediate
states suggested a mechanism where the RNA binding pocket starts to open allowing RNA
to form some contacts with the NP, which stimulate further conformational changes in NP to
facilitate RNA becoming fully bound. It was also found that helix 6’s position in the open
state is influenced by crystal contacts and when NP is free in solution the helix 6 position
may be closer to the RNA binding pocket. This observation was also noted in another
simulation study of Lassa NP(Omotuyi et al., 2019).

In the current work we extend the study on the dynamics of Lassa NP from just the N-
terminal domain to the full-length NP. The Hastie model and the hydrogen deuterium
exchange suggest that that disruption of the trimer would allow shifting away of the C-
terminal domain and easier opening of the RNA binding pocket. In the present study, one
monomer from the trimeric APO crystal structure is solvated and simulated on the multi-
microsecond timescale. A large conformational change is witnessed which is resampled
using a two stage adaptive sampling scheme allowing the construction of a Markov state
model (MSM) describing this transition. The results we find are that NP undergoes an
energetically favorable transition which involves reorganization of the domain interface, as
well as displacement of helix 10. The significance of the helix 10 displacement is that it may
allow for increased access to the RNA binding groove, while the domain level reorganization
is supportive of the Hastie model. Further valuable insights from this study include the
identification of metastable intermediates along the transition pathway, which could be
targeted by small molecules to interrupt the viral life cycle.

Results and Discussion

Long timescale equilibrium simulations reveal domain level reorganization

The Lassa NP is presumed to go through a large conformational change to switch from a
trimeric structure where NP is being stored to the RNP structure, where the NP encapsulates
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the single stranded genomic RNA(Hastie et al., 2011a). Understanding this transition is
important to gain insights into how the molecular machinery in Lassa virus acts to carry out
its function and regulate its lifecycle. This large conformational change may also reveal
pockets that can be targeted in drug discovery to identify novel inhibitors. The Hastie model
of RNP formation suggests that disruption of the trimer would allow the C-terminal domain
to swing away from the N-terminal domain and increase opening of helix 6 and helix 5. This
is supported by hydrogen/deuterium exchange data, which indicated increased solvent
exposure in helix 5, 6, and 17 (see Figure 1) in a double mutant which disrupts trimer
contacts. Based upon structural analysis we have identified high energy (frustrated)
interactions across the interface of the N and C-terminal domains. This analysis is performed
on a monomer from the trimer crystal structure with the missing loops modeled in and the
structure is run through the Frustratometer2 web server(Parra et al., 2016). This serve
calculates the mutational frustration by comparing the energy of a native residue pair
interaction with the average of many different mutations of that pair. Figure 2 shows that
there are many highly frustrated residue pairs between helix 5 and helix 17. There are also
highly frustrated residues between helix 6 and its surrounding loops and the C-terminal
domain. This may suggest that the formation of the trimer is placing pressure on the domain
interface and that without the trimer contacts these domains may reorganize to reduce
frustration and adopt a more favorable configuration.

Previous simulations have shown that in an isolated N-terminal domain there is a large
energy barrier for helix 6 to open(Pattis and May, 2016). Another possibility is that the C-
terminal domain shifting away could be coupled with a conformational change in helix 6 and
the RNA binding pocket. To investigate this further one monomer from the trimeric structure
was isolated, solvated and run on specialized hardware to generate long-time scale (multi-
microsecond) simulations to observe if trimer disruption leads to structural relaxation to an
alternate NP conformation.

A 4 ps and an 825 ns simulation were run on the Anton supercomputer. Inthe 4 us
simulation a large conformational change was observed (Figure 3). Here the C-terminal
domain shifted to the back of the N-terminal domain, helix 6 shifted in, and helix 9 and 10
shifted out. Because this large conformational change only occurred once inthe 4 u's
trajectory more sampling was needed to provide statistical significance of the
thermodynamics and the kinetics of this transition. We used the tools of adaptive sampling
and Markov State Modeling to improve the sampling of this transition and for analysis.
Additional trajectories were spawned from the beginning, end, and a few midpoints from
each of the Anton trajectories. Next a counts based adaptive sampling protocol was run for
12 rounds. Here new simulations are spawned from areas with poor sampling. This has been
shown to be an efficient method to discover new states(\Weber and Pande, 2011). Next
population uncertainty adaptive sampling was performed. Here the uncertainty is calculated
using a Bayesian MSM then new simulations are spawned from clusters that have a high
standard deviation of possible stationary distributions. This second phase of adaptive
sampling was run for 16 rounds, followed by construction of our final MSM. The
enhancement in sampling is demonstrated by comparing the transitions counts matrix prior
(Anton only) and after adaptive sampling in Figure S1.
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Model Selection and Validation

An initial guess of parameters suggested an MSM lag time of 3.84 ns would generate a
Markovian kinetic model. We next used the generalized matrix Rayleigh quotient (GMRQ)
score to select the number of clusters, TICA lag time, and number of TICA components. K-
means clustering was used for all models and commute map was used for TICA. The highest
validation GMRQ score was from a TICA lag time of 18 ns, 3 TICA components, and 75
clusters (Figure S2). These parameters were used for the final model which we analyze and
present here. The implied timescales of the MSM processes are related to the transition
probability matrix eigenvalues by eq. 1

= - &
nA;
where, zis the MSM lag time, A; are the eigenvalues and #;are the implied timescales. An
implied timescales test was run (Figure 4) by scanning lag time values. We identified the
implied timescales were relatively insensitive to the lag time chosen (beyond ~ 2 ns), which
indicated the model is Markovian. We selected a lag time of 3.84 ns, which was in the range
of lag times where the implied timescales were not rapidly changing and produced the
largest timescale for the slowest process. A Chapman—Kolmogorov test was run with a
Bayesian MSM with 1000 transition matrices to construct a 95% confidence interval. Five
macrostates were determined, and this number of macrostates was chosen due to the
presence of four slow timescale processes. The Chapman—Kolmogorov test shows excellent
agreement between the estimated and the predicted transition probabilities (Figure S3).

MSM Reveals Multiple Intermediate States

The model has five kinetic macro states which are shown on top of the free energy surface
(Figure 5). The starting structure is shown with a green x. NP moves from its starting
structure linearly through the different locally stable intermediates finally reaching the most
favorable state(F). Representative structures are shown in (Figure 6). The mean first passage
time from the starting state to the most favorable state was 20.47 ps, whereas the mean first
passage time from the most favorable state back to the starting structure was 279.94 ps.

The transition from the starting state to the first intermediate (11) involves separation being
created between contacts in the N-terminal and C-terminal domain primarily between helix
5 and helix 17. A salt bridge between ARG115 and ASP375 is broken, as well as contacts
between ASP557 with LYS110 and TRP331 during this stage of the transition. The gating
loop shifts up and the loop between helix 6 and helix 7 shifts away from the C-terminal
domain. Contact is also broken between THR34 and THR216 connecting the RNA gating
loop (yellow) and helix 9 (red) (Figure 6). Transition between intermediate state 1 and
intermediate state 2 involves the bottom of the C-terminal domain moving away from the
bottom of the N-terminal domain while the top of the C-terminal domain maintains contact
with the N-terminal domain

From intermediate state 2 to intermediate state 3 helix 10 (red) shifts out, the left side of the
RNA gating loop moves down while the right side moves up. In addition, helix 6 moves in
closer to the RNA binding groove. Also, the C-terminal domain shift back and a salt bridge
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is formed between ASP504 and LY S65 and contacts between ASN 168 and LEU 505 are
formed which connects the bottom of the C-terminal domain to the back of the N-terminal
domain. From intermediate state 3 to intermediate state 4 separation is created between
THR210 of helix 10 and GLN14, while the domains start to compact together more. From
intermediate state 4 to the most favorable state (F) the domains compact even more. This
structure is very stable according to the MSM and also has much fewer frustrated contacts
according to the Frustratometer (Figure 7).

Several of the residues we have identified as having shifting contacts during the transition
have been implicated to be functionally important for transcription. This was measured
through a mini-genome assay, and mutations to ARG115, LYS110 and TRP331 all had
significant effects on the transcriptional activity compared to wild-type(Hastie et al., 2011a).
In addition, the structural transition we observe has some consistency with hydrogen-
deuterium exchange mass spectrometry data. In a structure where the trimer has been
disrupted through protein-protein interface mutations, increased exchange (compared to wt
trimer) was observed in helices 5, 10 and 17, which are regions where we also observe
structural changes(Hastie et al., 2011a). Lastly, we want to emphasize that the structural
reorganization of helix 10 on the left side of the NP may facilitate RNA binding (Fig 5, red
motif). Helix 10 can be considered a cap on the left side of the RNA binding groove and in
our most favorable state helix 10 is swung away from the binding channel provide a
potential access point for RNA to enter. The orientation of helix 10 in the most favorable and
initial structure are compared with the RNA inserted from the N-terminal RNA bound
structure (PDB ID:3T5Q), in Figure 8. The distance between the top of helix 10 (THR216)
and the start of helix 12 (Leu 248) is changed by almost 10 A, from 9.6 A in the starting
state (Figure 8 blue) to 19.2 A the most favorable state (Figure 8 cyan).

Conclusions

Our simulation study supports a model in which, when the Lassa NP trimeric structure is
disrupted, the C-terminal domain moves away from the N-terminal domain, swings back,
then compresses in making new contacts in the back of the N-terminal domain. This
observation is consistent with the qualitive model put forth from Hastie et al, when they
determined the RNA bound conformation of the Lassa NP N-terminal domain. The domain
scale movements we observe are coupled with shifting in of helix 6, movement of the RNA
gating loop, and shifting out of helix 9 and 10. This shows that loss of trimer contacts can
cause global conformational changes in the RNA binding pocket. The shifting out of helix 9
and 10 exposes some of the RNA binding pocket. This may provide a surface or a gateway
for RNA to make initial contact. Our observations and conclusions we have drawn are made
under the assumption that the NP trimer becomes disrupted, we do not make any claims
about how this disruption occurs. It would be ideal to understand how trimer disruption
occurs and how disruption couples to the NP conformational change. However, undertaking
simulations of the full trimer is computationally challenging and reaching the timescales we
have achieved for the monomer would take an exorbitant time to complete. We do believe
the conformational change we have observed would require trimer disruption as our most
favorable conformation (F) would sterically clash with neighboring subunits in the trimer, as
shown in Figure S4.
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The model we observe has consistency with experimental data in that increased hydrogen
exchange observed in helix 10 and helix 17 could be accounted for by the structural changes
we observe. There are other experimental observations including the opening of helix 6 and
the loss of helicity of helix 5 that are observed in the RNA bound structure that was not
observed in our MSM. However, there are variety of factors which could explain these
differences including i) the double mutant NP in which the trimer is disrupted was still
oligomeric (dimers and tetramers) ii) the presence of RNA could induce those changes,
where RNA was not present in these simulations. Indeed the double mutant NP had more
RNA as measured by spectrophotometrically (A260/A280 ratio of 1.3 in double mutant vs.
0.95 for the wildtype)(Hastie et al., 2011a), iii) or, despite our extensive sampling (> 25 us),
we were unable to exhaustively explore all relevant conformations of Lassa NP. The H/D
exchange experiments were quenched at 10 s and 1000 s,(Hastie et al., 2011a) and these
timescales are not accessible with current computational resources.

The meta-stable and stable conformations we observe may be helpful in structural studies on
determination of the Lassa RNP and also provide potential drug targets for anti-viral
therapies. An approach could target trapping one of the intermediates with a small molecule
which may cause non-native oligomers to form that would be detrimental to the virus. Other
negative strand viruses have shown that conformational changes in mobile elements such as
flexible helices or loops can play a role controlling the oligomeric states(Ruigrok et al.,
2011), and we observe helix 6 may play this role for Lassa as new contacts within the C-
terminal domain or a shift in position may allow contact with a neighboring NP and
facilitate formation of the RNP.

STAR Methods

Lead Contact and Materials Availability

Further information and requests for resources should be directed to and will be fulfilled by
the Lead Contact, Eric May (eric.may@uconn.edu). This study did not generate new unique
reagents.

Methods Details

Simulation details—Anton simulations were prepared starting from chain B of the full
length trimeric nucleoprotein (PDB ID: 3MWP)(QI et al., 2010) which included one zinc
atom. Missing loops were modeled in using MODELLER(Fiser et al., 2000; Sali and
Blundell, 1993). The protein was solvated in a rectangular box with a 10 A buffer on all
sides and NaCl was added to a concentration of 150 mM. This system totaled approximately
137,000 atoms. Energy minimization and equilibration were run using NAMD v2.9(Phillips
et al., 2005). 5000 steps of energy minimization were run followed by 5 ns of NPT
equilibration with 1 kcal/mol restraints on all protein backbone atoms. This was followed by
5 ns of equilibration with 0.25 kcal/mol restraints on backbone atoms, and then 10 ns of
unrestrained MD. The CHARMMZ27(Foloppe and MacKerell Jr, 2000; MacKerell Jr et al.,
2004) force field including CMAP corrections and CHARMM TIP3P water model were
used. 12 A cutoffs were used with a switching function on van der Waals interactions
starting 8 A. Full electrostatic interactions were computed using the PME method.
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Anton simulations were run in the NPT (isothermal, isobaric) ensemble, a Nose-Hoover
thermostat at 300 K, and a Martyna-Tobias-Klein (MTK) barostat with isotropic scaling at 1
atmosphere. The simulations used the CHARMM27 force field with CMAP correction and
the CHARMM TIP3P water. Frames were saved every 240 ps. The multigrator(Lippert et
al., 2013) was used for the integrator, which calculated bonded and near non-bonded forces
every 2 fs and far non-bonded forces, which are the long-range electrostatics in the Ewald
decomposition, every 6 fs. Gaussian Split Ewald(Shan et al., 2005) was used for the far non-
bonded term.

GROMACS simulations were run starting from the NAMD equilibrated starting structure or
from solvated frames pulled out of the Anton simulation. They were run using GROMACS
5.0.1 with the CHARMMZ27 force field(Bjelkmar et al., 2010; Foloppe and MacKerell Jr,
2000; MacKerell Jr et al., 2004) with CMAP corrections and the CHARMM TIP3P water.
These simulations were run using a leap-frog stochastic dynamics integrator using a
timestep of 2 fs. Frames were saved every 240 ps. Short ranged non-bonded interactions
were calculated with a cutoff of 12 A and where smoothly shifted to zero at the cutoff. For
the Lennard-Jones potential the shifting began at 10 A, and the Coulomb potential was
shifted over the whole range (starting from 0 A). PME was used for long-range
electrostatics. The temperature was maintained at 300 K using the v-rescale algorithm(Bussi
et al., 2007) and pressure was maintained at 1 Atm using the Parrinello-Rahman isotropic
pressure coupling.

Adaptive Sampling and Markov State Model Construction—MSMBuilder
2.8(Beauchamp et al., 2011) was used for all steps in constructing the Markov state model
(MSM) except for the Bayesian MSM and the Chapman-Kolmogorov test, which were done
in pyEmma 2.4(Scherer et al., 2015). A flow chart of the steps used for adaptive sampling
and Markov State Model Construction is shown in Figure S5. To describe the
conformational space the raw Cartesian coordinates were transformed into internal
coordinates (featurized). We sought to identify pairwise residue contacts which changed
during the Anton simulation. The specific set of coordinates we choose were the pairwise
alpha carbon distances that were less that 13 A apart for at least 2 % of the simulation and
had a standard deviation of at least 1.5 A during the 4 us Anton simulation. The linker loop
between domains was excluded from consideration in identifying the feature set. Our criteria
led to 3290 pairwise distances. A visualization of these distances can be seen in Figure S6.

Time-lagged Independent component analysis (TICA) was used to transform the data into
kinetic coordinates(Pérez-Hernandez and Noé, 2016; Schwantes and Pande, 2013). In TICA
a covariance matrix and a time-lagged covariance matrix of features (filtered C alpha
distances) are put through a generalized eigenvalue problem. A set of linear combinations of
input features (TICA components) and corresponding eigenvalues are returned.

In an MSM the number of transitions between discrete states are counted in some time
interval (lagtime) < from all trajectories to form a count matrix. From this a transition matrix
is constructed which describes the conditional probability of transitioning from state /to
state at lagtime t. MSMs were estimated using a maximum likelihood approach and a
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sliding window(Prinz et al., 2011). All MSMs are reversible and obey detailed balance(Prinz
etal., 2011).

In order to improve sampling in undersampled regions of the NP transition phase space a
counts-based adaptive sampling protocol was performed. In this approach, the data is
featurized and TICA is performed with a lag time of 7.2 ns being fit to the Anton trajectory
and using the kinetic map algorithm(Noé and Clementi, 2015) to scale the eigenvectors. K-
centers clustering(Gonzalez, 1985) is performed on the top 5 independent components,
which capture approximately 40% of the total kinetic variance. An MSM is then generated
with a lag time of 3.84 ns. The sum of each row of the count matrix is used to see how well
each state is sampled. The ten states with the lowest counts are then subjected to two
independent 30 ns simulations with different starting velocities. The initial structure for
these simulations is determined by identifying the frame with the smallest nearest neighbor
distance in 5 dimensional TICA space to the average TICA values for that cluster. This
protocol was repeated for 12 rounds, generating 7.2 s of additional simulation data. An
example visualization of the states selected for countsbased adaptive sampling can be seen in
Figure S7.

In order to reduce the uncertainty in the MSM a second stage of adaptive sampling was
performed. In this stage the data is featurized and TICA is performed with a lag time of 3.42
ns using the commute map algorithm(Noé et al., 2016). Again K-centers clustering is
performed on the top 5 independent components to separate the space into 100 evenly
spaced clusters. Next a Bayesian MSM using a sparse prior(Trendelkamp-Schroer et al.,
2015) is constructed with 100,000 possible transition matrices that could have created the
raw data. The standard deviation in the population is calculated for each state. The top five
max flux pathways from the starting state to the highest population cluster are calculated
from the net flux matrix(Metzner et al., 2009). The ten states that are part of one of the top
five maximum flux pathways and have the highest standard deviation in their population are
subjected to two independent 30 ns simulations with different starting velocities. This stage
of adaptive sampling was repeated for 16 rounds, generating 9.6 ps of additional simulation
data. A sample visualization of the states selected for uncertainty-based adaptive sampling
can be seen in Figure S8.

The TICA lag time, number of TICA components, and humber of clusters were chosen
based on the generalized matrix Rayleigh quotient (GMRQ)(McGibbon and Pande, 2015). It
was found that the variational theorem(Noé and Niiske, 2013; Niiske et al., 2014) bounds the
GMRQ from above as the sum of the first /m eigenvalues. when avoiding over fitting through
cross-validation. This allows the GMRQ to be used as a score of how different parameter
choices affect how well the MSM captures the slow subspace of the system’s propagator.
Here trajectories over 80 ns were split into 40 ns chunks giving 860 trajectories. To avoid
overfitting, cross-validation is performed by training a model on a portion of the data (“test
set”) and evaluating the GRMQ score on the remaining data (“validation set”). To do this 30
iterations of shuffle split was performed where 50% of trajectories were placed in the
training set and 50% of trajectories were placed in the validation set using Scikit-learn
version 0.18.2. The ergodic cutoff was turned off and a prior count of 0.00000001 was
placed in each cluster to ensure the calculation was done on the entire state space. The top
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three dynamical eigenvalues were examined making the max possible GMRQ score 4, since
each eigenvalue has a maximum value of 1.

The model was validated using the implied timescale test and the Chapman Kolmogorov
test. The implied timescales of a model are tj = — t/In|A;j| where A; is the i-th eigenvalue of
the MSM. In the implied timescale test the top 7 implied timescales are plotted for MSMs of
increasing lagtimes (Figure 4). At a Markovian (memory-less) lag time, increasing the lag
time should give the same implied timescales because the models are capturing the same
processes. The Chapman Kolmogorov test compares the transition probabilities between the
left and right side of equation (2).

P(k7) = PX(1) eq. (2)

Here the right side of the equation is the original transition matrix at lag time <t propagated
to the k-th power (prediction) and left side is a new transition matrix made at lag time k<
(estimation). For a full discussion see Prinz et. al.(Prinz et al., 2011). This test is performed
using PCCA+(Deuflhard and Weber, 2005; Kube and Weber, 2007) to lump the 75 state
MSM into 5 macrostates due to the MSM having 4 slow timescale processes ( > 200 ns) and
a large gap in eigenvalues between the 4™ and 5! slowest timescale process.

The free energy surface was constructed using the plot_free_energy tool from MSMExplorer
version 1.2.0devO(Hernandez et al., 2017). The free energy surface is constructed by
subsampling 1,500,000 frames, where microstates are selected with a probability
proportional to the state population and a random frame is chosen from the selected state.
The density of frames is calculated by a bivariate kernel density estimate (KDE) using
Scott’s rule for bandwidth selection. KDE is a probability density estimation method which
results in data smoothing and has been shown to provide better estimates of free energy
surfaces than histogram-based methods when sampling is limited(Lee et al., 2013). This
probability is converted to a free energy using F = -kgT* In(P).The mean first passage time
was calculated using transition path theory(Metzner et al., 2009). Clusters were lumped into
macrostates using PCCA+(Deuflhard and Weber, 2005; Kube and Weber, 2007).

QUANTIFICATION AND STATISTICAL ANALYSIS

Uncertainty in the stationary population of microstates in the MSM was used as metric to
adaptively sample and reduce uncertainty in the final MSM. The PYEMMA software was
used to construct a Bayesian MSM based upon 100,000 transition matrices (#=100,000). The
uncertainty in the microstates was based upon the standard deviations in the stationary
populations. States which have the highest uncertainty and also are along the top 5
maximum flux pathways to the most populated state are selected for additional simulations
in each adaptive sampling round.
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DATA AND CODE AVAILABILTY

The datasets supporting the current study have not been deposited in a public repository
because of the large size of the datasets and lack of standardized repository for hosting these
datasets, but are available from the corresponding author on request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Energetically favorable conformational change of Lassa NP is observed in
simulations

New conformation has greater accessibility to RNA binding groove

Findings support model that requires domain level reorganization for RNP
formation

Anton2 simulations and adaptive sampling procedure are combined to build
MSM
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Pocket RNA Gate

Figure 1. Lassa NP structure
A) Trimer structure from PBDID: 3MWP, each subunit is colored differently. B) Monomer

structure, also from PDBID: 3MWP. In both A-B panels helices 5, 6, and 17 are colored red,
blue and cyan, respectively. C) Comparison between the N-terminal domain of a monomer
from the trimer/apo structure (grey), with an RNA bound conformation (cyan, RNA is
orange) from PDBID: 3T5Q chain k.
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Figure 2. Frustration of Lassa NP in the trimeric state
Mutational frustration of Lassa NP monomer in the trimeric state (PDBID 3MWP.B), shown

from front and top views. Green lines represent residue pairs which are minimally frustrated
and red lines represent highly frustrated residue pairs.
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Initial Final
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s C-tErM  we C-term

Figure 3. Conformational Change of Lassa NP during 4 s simulation
Overlay of initial and final structures of the 4 pus Anton simulation. The initial structure is

consistent with the trimeric crystal structure (PDBID 3MWP.B) and is colored in cyan (N-
term) and brown (C-term). The final structure is colored in blue (N-term) and purple (C-
term). Structures are shown from front (0°), side (90°) and back (180°) views. Structures
were aligned along the a5 helix.
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Figure 4. MSM Validation
Implied timescale plot of top 7 processes. Final MSM lag time is shown in red.
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Figure 5. Free Energy Surface from MSM
Free energy surface of the final MSM. Kinetic macrostates (red circles) shown on top with

the size proportional to their population. A green x marks the starting structure.
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Figure 6. Stable and Metastable Conformational along NP Transition Pathway
Starting structure (S) and structures from the five macrostates (11-14 and F) | from the front

view (left) and from top view (right). Structures progress in order from negative IC 1 to
positive IC 1. The N-terminal domain is shown in cyan, the linker region in magenta, and the
C-terminal domain in brown. Helix 6 is shown in blue, helix 9 and 10 are shown in red, and
the gating loop is shown in yellow.
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Mutational frustration of the most favorable microstate (F), shown from front and top views.
Green lines represent residue pairs which are minimally frustrated and red lines represent

Figure 7. Frustration of Lassa NP in the Relaxed Monomeric State
highly frustrated residue pairs.
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Figure 8. Helix 10 Reorientation Allows Greater Accessibility to RNA Binding Groove
The position of helix 10 is compared in the initial (blue) and most favorable (cyan)

conformations. RNA (orange) is copied in from PDB ID: 3T5Q.k. Structures are aligned on
helix 12 in back of binding groove (residues 245-259). Ca of residues 216 and 248 are
shown as green and red vdW spheres for the most favorable and initial conformations,
respectively.
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