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ION MOBILITY MASS SPECTROMETRY AND
THE USE OF THE SEQUENTIAL ELIMINATION TECHNIQUE

This application claims the benefit of U.S. Provisional Application 61/440,463,
filed February 8§, 2011.

BACKGROUND

[0001] The present disclosure relates to ion mobility mass spectrometry (IM-MS) and
the analysis of supramolecular assemblies. The present disclosure further relates to the
collection and analysis of ion mobilitity mass spectrometric data and the analysis thereof for the
determination of the structure of supramolecular assemblies of biological molecules.

[0002] It has long been recognized that many important functions of a cell are
performed by supramolecular assemblies. However, it is only recently that the scale and
complexity of the protein-protein interactions occurring within an organism have been fully
appreciated [1-3]. It is now thought that most protein functions are carried out through
multicomponent complexes and (in most cases) the assembly, function, and regulation of these
complexes remains unknown. For those that are known, their large physical size makes them
difficult to characterize from a structural point of view, and little is known about the spatial
arrangement of their components.

[0003] Ion mobility mass spectrometry (IM-MS) has shown promise for analyzing low
resolution structures of supramolecular assemblies [4-6]. For example, Robinson and
collaborators used IM-MS to investigate the subunit architecture of the human eukaryotic
initiation factor 3, for which there is no high resolution structure [7]. Heck and collaborators
used IM-MS to probe the T=3 and T=4 capsids of Hepatitis B and found two structures with
mobilities that differ by 4% for T=3 [8]. In related work, Ashcroft and collaborators recently
used IM-MS to investigate structures of the oligomeric species formed in early stages of fibril

assembly, and suggested that the oligomers adopt elongated geometries [9].
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SUMMARY

[0004] Ion-mobility mass spectrometry (IM-MS) may be used to generate mass spectral
data quickly using relatively small sample sizes. The present disclosure describes a method of
acquiring mass spectral data using IM-MS and the interpretation of that data.

[0005] In one aspect, the present disclosure addresses the issue of how useful
information can be extracted from a collection of data. In an illustrative embodiment, the present
disclosure addresses the issue of how useful information can be extracted from data generated
using IM-MS on a large macromolecular assembly. In illustrative embodiments, a method for
analyzing IM-MS data is described which uses a multiscale approach. In particular, disclosed is
a new paradigm for analyzing IM-MS data where simulations are guided to states consistent with
the measured data.

[0006] In further illustrative embodiments, a method for analyzing IM-MS data
comprises an ion mobility sequential elimination technique (IMSET). IMSET is a new paradigm
for analyzing IM-MS data. In one embodiment, IMSET automatically seeks free-energy basins
which (1) have structure compatible with the observed cross section; and (2) were not discovered
in an earlier step in the sequential basin discovery process. One aspect of IMSET is that it saves
an enormous amount of time that would have been spent randomly searching regions of
assembly configuration space not relevant to the experimental measurements. While the present
disclosure specifically relates to data obtained through ion-mobility mass spectrometry, the
method of applying a sequential elimination technique to analytical data has applications in
transforming data generated through other characterization methods (e.g., chemical labeling [45],

nanofluidics [46] and AFM).
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] So the manner in which the features of the present disclosure can be understood
in detail, the accompanying figures provide additional information with respect to an exemplary
embodiment.

[0008] FIG. 1 is a schematic showing a loop in which order parameters characterizing
nanoscale features affect the probability of atomistic configurations which, in turn, determine the
forces driving order parameter dynamics;

[0009] FIG. 2(A-B) are ribbon structure depictions of a simulation showing the Satellite
Tobacco Mosaic Virus RNA structural transition (A) at O ns and (B) at 55 ns, showing the speed-
up over an ensemble of conventional MD is 6-11 fold;

[0010] FIG. 3(A-B) are ribbon structure depictions of a simulation showing the
structural transition in Cowpea Chloretic Mosaic Virus, wherein (A) shows the initial T=3
symmetric state; and (B) shows the symmetric swollen state after 18 ns of simulation time;
although the transition starts from, and ends in a T=3 state, the transition proceeds through states
of lower symmetry; because of the symmetry breaking this transition cannot be simulated using
symmetry-constrained methods;

[0011] FIG. 4(A-B) are ribbon structure depiction of a simulation showing
disassembly/collapse of a capsid-like structure consisting of 60 copies of the Human Pappiloma
Virus LI protein; wherein (A) shows the initial state and (B) shows the collapsed state after

100 ns; this instability has been observed in experiments and results from selected 1.1-helix
truncations; and

[0012] FIG. 5 is a graphical representation showing a ribbon structure depiction and a graphical
representation of moment of inertia eigenvalues inset within a graph showing energy vs. iteration
number for a preliminary IMSET simulation for Lactoferrin showing the rise and fall of the average
potential energy accompanying transition from closed to open state; also showing the increase in the
molecular descriptor (notably the major eigenvalue of the moment of inertia tensor reflecting
predominant expansion along the X-axis); showing that as the method is refined as described herein, the

transition plot yields an accurate barrier height.
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[0013] FIG. 6 shows workflow of the DMS.BD algorithm that enables traversal of FE
barriers and discovery of new basins. (a) Input includes initial all-atom structure in solvent,
definition of basis functions and OPs, size of the Langevin timestep, update frequency for the
reference structure, and conditions in the host medium. Discovery of a new FE basin starts with

establishing descriptors and values of OPs at the bottom of known basins, and choosing width

parameters for the A factors. (b) Flowchart for evolution to new basin via guided Langevin
dynamics. For detailed explanation of each step see first paragraph of second subsection in
Supporting Information.

[0014] FIG. 7 presents the following types of human lactoferrin structures:
crystallographic (a), (b); discovered basin bottoms (c), (e) and (f), (h); and transition point (d),
(2). These are (a) closed 1LFG X-ray structure, (a") 1LFG MD used to start DMS simulation; (b)
open 1LFH; (c) at the bottom of basin 1; (d) transition point along the basin 1—2 pathway; (e)
arbitrarily chosen Langevin timestep from basin 2 (called “descent 2” structure, see Appendix
D); (f) bottom of basin 2; (g) basin 2—3 transition point (starting at the “descent 2” structure);
(h) bottom of basin 3. All these structures are of lowest potential energy among those in the
ensemble consistent with the instantaneous OP values. A transition point between basins is taken
to be at the Langevin timestep for which the potential energy goes through a maximum. Such
points are close to transition regions where FE force changes sign (see paragraph 6 in Validation
for Human Lactoferrin, below).

[0015] FIG. 8 shows 2MS.BD Langevin timecourses for descriptors showing distinct
differences between the basins. (a) Figenvalue 1, (b) eigenvalue 2, and (c) eigenvalue 3 of the
moment of inertia tensor for human lactoferrin. Basin 1— 2 transition (bottom); control simulation
launched from basin 2 (top in (a) and middle in (b)-(c)); basin 2-3 transition proving robustness of the
basin discovery method (middle in (a) and top in (b)-(c)) (Appendix D). The eigenvalues remain fairly
constant at the bottom of basins (Figure 14), and change during inter-basin transitions. Eigenvalues 2
and 3 behave similarly during basin 1— 2 transition; however, this similarity is lost in the next
transition. If one starts in basin 1, only modest changes in descriptors are observed. In contrast, when
precluding basins 1 and 2 in going to basin 3, descriptors change much more implying greater extent of lobe

opening.
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[0016] In FIG. 9 thermal-average forces f, are shown along a transition path from

basin 1 to 2: (a) forces of maximum magnitude showing clear inter-basin transition pattern (k =
100X = top line at 30, k= 010Y = middle line at 30, k = 0017, = bottom line at 30) (b) second-
highest amplitude ones oscillating around zero (k = 001X = top line at 8, k =001Y = middle line
at 8, k = 100Z = bottom line at 8). The figure suggests that the FE minimizing tendency of
lactoferrin in basin 1 makes it contract in z-direction and expand in x-direction (implied by the

negative fy,,, and positive f,,, ). During barrier crossing, the sign of these forces changes to

positive along z and negative along x direction. This leads to further expansion of lactoferrin

along z direction, and hence lobe opening in basin 2. (¢) Contrasting behavior of thermal-average
fiox (top line at 30) and biasing £, (bottom line ar 30) forces. f., . is maximum near the

bottom of basin and gradually decreases as the system escapes from the FE minimum as

indicated by the increase in f|,,y . Insert shows that f,, , computed from MD simulations are

small and random when sampling structures in basin 1 and, therefore, do not drive transitions
between basins.

[0017] FIG. 10 shows energy timecourse of lowest potential energy structures of human
lactoferrin generated from constant OP ensembles during discovery of FE basins. Line styles and
simulations are the same as in Figure 8 (lowest line at 80 and 110 is basin 2).

[0018] FIG. 11 shows potential energy timecourse of lactoferrin from MD sampling
simulations starting at structures near the bottom of discovered basins. (top) Basin 1, potential
energy minimum of basin 1 was achieved at time instance t = 9.940 ns; (below top and overlapping
line below) "descent 2" structure from basin 2, with potential energy minimum at t = 3.686 ns; (above
bottom and overlapping line above) lowest-energy basin 2 structure, with potential energy
minimum at t = 3.62 ins; (bottom) basin 3, with potential energy minimum at t = 2.733 ns. Distinct
energy bands indicate that each MD trajectory is confined to a given basin.

[0019] FIG. 12 shows residue-by-residue RMSD relative to closed-lobe diferric X-ray
structure 1L.LFG averaged over 25 residue window: (bottom at 250) diferric basin 1, (2d from

bottom at 250) pseudodiferric basin 2, (3d from bottom at 250) open-lobe apo-like basin 3, and
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(top) the apolactoferric structure 1LLFH. This analysis implies that the lactoferrin gradually opens
during DMS.BD simulation exploring a range of states from diferric to apolactoferric character.
[0020] FIG. 13 shows Ramachandran plots for discovered lactoferrin structures: (darker)
bottom of basin 1, (lightest) top of the barrier for basin 1—*2 transition, and (lighter) bottom of basin
2. Most residues have dihedral angles within theoretically favored regions [60'] shown as
background shadows, which validates that the configurations obtained from PMS.BED simulation retain
key secondary structure. Distribution of gnv angles is distinct for the three structures. Arrows
indicate large changes in dihedral angles for hinge residues: (horizontal) THR90, (vertical)
VAL250.

[0021] FIG. 14 shows descriptors and their ranges in each of the three discovered FE basins
are shown below as an additional evidence of crossing the free energy barriers and resulting
distinction between basin characteristics. In a) at 1 ns, the top curve is basin 3; the next curve is basin
2, the next curve is "descent 2", and the bottom curve is basin 1. In b) at 1 ns, the top curve is basin 3;
and the other curves overlap with "descent 2" on top, basin 2 in the middle and basin 1 on the bottom.
In b) at—3.5 ns, the top curve is basin 3; the next curve is "descent 2"; and the basin 2 and basin 1
curves overlap. In b) from —5.5 ns to 10 ns, the order of curves from the top is basin 3, "descent 2",

basin 2, basin 1, with various overlaps.

DETAILED DESCRIPTION
[0022] Cross section Calculations
[0023] The mobility is a measure of how rapidly an ion (or macroion) travels through an

inert buffer gas under the influence of a weak electric field. The low field mobility provides a
value for the average collision cross section, and structural information has been obtained by
comparing the measured cross sections with those calculated for trial geometries. To be rigorous,
the cross section {2 referred to above is really an orientationally averaged collision integral
which is calculated by averaging the momentum transfer cross section over the relative velocity

and collision geometry [10]:

0 =
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[0024] In the preceding equation, 8, ¢, and y define the collision geometry (the
orientation of the ion with respect to the incoming buffer gas atom), g is the relative velocity, u is
the reduced mass, and b is the impact parameter. The last integral in Egn. (1) is the momentum
transfer cross section which depends on the scattering angle, y, the angle between the ion and
buffer gas atom trajectories before and after a collision. The most rigorous approach for
determining the cross section of a polyatomic assembly is to propagate trajectories via the
complete many-atom potential. Then, the collision integral is obtained by averaging over relative
velocity and collision geometry as in Eqn. (1).

[0025] There are currently three main methods used to calculate orientationally
averaged collision integrals for comparison with the measured values:

[0026] 1) The Projection Approximation (PA) [11-12]. Here, the momentum transfer
cross section is approximated by the two-dimensional projection (i.e., the shadow) of the ion.
This approach ignores the details of the scattering process (i.e., scattering angles are not
calculated) and neglects long-range interactions.

[0027] 2) The Exact Hard Spheres Scattering (FHSS) model [13]. In this approach, all
the atoms are replaced by hard spheres and the scattering angles are determined from hard sphere
scattering. The long-range interactions between the ion and buffer gas atom are ignored.

[0028] 3) The Trajectory Method (TM) [14]. Here, the interactions between the ion and
the buffer gas atom are approximated by an effective potential consisting of a sum of two-body
Lennard-Jones interactions and charge-induced dipole interactions. The scattering angles are
determined from trajectory calculations.

[0029] All three methods employ Monte Carlo (MC) techniques to perform the
integrations over the orientation and impact parameter. In the case of the projection
approximation, the MC integrations are implemented by randomly selecting the orientation of
the ion, drawing a two-dimensional box around it, and then firing buffer gas atoms at the area
inside the box, randomly selecting the x- and y-coordinates. The cross section is obtained from
the fraction of trajectories that strike the ion, averaged over orientation. The EHSS model uses a
similar approach, except that the scattering angle is calculated and used to determine the

collision integral. With the EHSS model the buffer gas atom can undergo more than one collision
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with the ion. Such multiple scattering events are more common for large ions, particularly those
with concave surfaces. The implementation of the trajectory method follows a similar recipe to
the EHSS model. Multiple collisions also occur with the TM model.

[0030] As with all MC integration methods, the accuracy of the final result depends on
the number of trials that are performed. In the present case, 10°-10’ trajectories are required for
the collision integral to converge to the accuracy required for ion mobility studies (i.e., an
uncertainty of less than 1%). Algorithms for the PA and the EHSS model have recently been
optimized [15]. Even with the unoptimized code, converged PA and EHSS cross sections can be
calculated for large protein complexes in a couple of hours. However, the TM method is a
different matter. It is much more computationally expensive to implement, and calculating the
TM cross section even for peptides is a challenge.

[0031] Careful studies for small systems [14-16] show that the projection approximation
tends to underestimate the collision integral while the EHSS model tends to overestimate it. For
small systems, the PA and EHSS cross sections tightly bound the true cross section, but as the
system becomes larger the cross sections obtained from these two models diverge. For example,
for GroEL (PDB ID: 1XCK), the PA cross section (21,303 AZ) and the EHSS cross section
(29,033 AZ) differ by 36%. That the cross section estimated from experiments (24,384 AZ) [17]
lies between these two extremes, provides little useful information. It is not possible to tell
whether the complex has retained its solution phase conformation, collapsed, or unfolded. If the
PA model provides an accurate value for the cross section, then the measured cross section is
larger than the value obtained from the PDB file. This suggests that the GroEL complex expands
in the gas phase. On the other hand, if the EHSS model gives the correct cross section then the
measured cross section is smaller than the value deduced from the PDB file, suggesting that the
complex becomes more compact in the gas phase.

[0032] The difference between the PA and EHSS cross sections results from multiple
scattering which contributes to the EHSS cross sections but not the PA ones. For objects with
entirely convex surfaces (where multiple scatterings cannot occur) [13] the two models predict
the same cross section. Opportunities for multiple scattering phenomena increase with ion size

(which is why the EHSS and PA cross sections diverge with increasing size). However, it is
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known from studies of small systems that the EHSS model overestimates the contribution from
multiple scattering, probably because the hard sphere surface is too rough. On the other hand, the
PA completely ignores multiple scattering and so it certainly underestimates this effect. The true
cross section must lie between these two extremes, but in order to know where (i.e., to determine
a reliable and accurate value for the cross section) it is necessary to perform calculations using
the trajectory method.

[0033] The trajectory method provides the most accurate values for the collision cross
sections. It correctly incorporates multiple scattering and employs a realistic potential that
includes long-range attractive interactions as well as short-range repulsive ones. However, it is
computationally expensive, and its use has been restricted to small systems. To make meaningful
quantitative comparisons with measured cross sections, the trajectory method must be extended

to much larger systems. We describe how this goal will be achieved in Sect. IIL.A.

[0034] Locating Low Free-Energy Geometries with Cross sections that Match
Experiment
[0035] As described above, structural information has been obtained from ion mobility

measurements by calculating cross sections for trial geometries, and then comparing the
calculated values to measured cross sections. For small systems, the trial geometries have usually
been obtained from MD or MC simulations [18]. However, with MD in particular, the
trajectories often become trapped in a small region of the available phase space because there is
significant activation barriers associated with substantial structural changes. Raising the
temperature can help to surmount activation barriers, however, raising the temperature also
makes it more difficult to access low entropy configurations. MC methods suffer from the same
problems. The use of replica exchange [19] and genetic algorithms (GA) [20] has shown promise
for small systems. However, for the large systems of interest here, the computational times for
major structural changes become long, making MD, MC and GA impractical. Thus, the methods
that have been used for small systems (with only limited success in some cases) cannot be used
for the large protein complexes of interest here. One aspect of the present disclosure is that this
computer time limitation can be solved using a multiscale approach [21-37]. Multiscale analysis

is a suite of concepts and mathematical techniques used to simultaneously account for processes
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coupled across scales in space and time. According to one aspect of the present application,
rapidly fluctuating atomic configurations yield the free-energy driving forces mediating slow
structural transitions in macromolecules. This framework is the basis of the macromolecular
simulation methodology to be used in this project.

[0036] There is an extensive literature on the use of dimensionality reduction techniques
to accelerate macromolecular simulations. These include principal component analysis and
normal modes to identify collective behaviors [38-40], curvilinear coordinates to characterize
macromolecular folding and coiling [33], models wherein a peptide or nucleotide is represented
by a bead which interacts with others via a phenomenological force [41], and shape-based
coarse-grained models [42-44]. Coarse-grained and lattice models use "pseudo-atoms" to
represent groups of atoms. These require careful calibration of new parameters in addition to the
originally developed and calibrated MD parameters, increasing the level of approximations in
these simulations. Likewise, simulations of processes on long timescales (beyond about 1
microsecond) may incur numerical inaccuracies arising from machine or algorithmic precision.
These systematic errors may cause the results to deviate from observed experimental values.
These approaches have lead to important insights but, in the present context, suffer from one or
more of the following difficulties: (1) the characteristic variables are not slowly varying in time
and thus cannot serve as a basis for a multiscale approach; (2) macromolecular twisting and
branching are not accounted for; (3) inelasticity and frictional interactions are neglected; (4)
recalibration is required for most new application; and (5) multiple minima cannot be probed.
[0037] The use of multiscale methods will allow us to extend the strategy used to
analyze IM-MS data for small systems to large supramolecular assemblies. However, the
strategy of identifying trial geometries using simulations, calculating cross sections, and then
comparing them to measured values is inefficient; furthermore it may miss the relevant structure
altogether. Here we propose an entirely new approach; we will develop a search algorithm that
directly identifies conformations that have cross sections which agree with measured ones.
[0038] In illustrative embodiments, the software package MOBCAL is used to calculate
collision cross sections for IM-MS measurements. In one embodiment, MOBCAL incorporates

all three methods mentioned above (PA, EHSS, and TM). It was written by us in the late 1990s
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and it has been available for free from our website (nano.chem.indiana.edu) for the last decade.
We support the program by helping people install it and use it, and by answering general
questions. There are numerous MOBCAL users around the world.

[0039] In illustrative embodiments, MOBCAL may be upgraded so that IM-MS
measurements for large assemblies can be interpreted reliably. Without this, the measurements
may be misinterpreted. With the availability of the faster and more reliable models to calculate
the cross sections (provided herein) it will be possible to extract more information from the IM-
MS measurements (i.e., interpret smaller differences between measured and calculated cross
sections). The strategies that will be used to accelerate cross section calculations have not been

used in the present context before. Details are provided Sect III. A.

[0040] Locating Low Free-Energy Geometries with Cross sections that Match
Experiment
[0041] The present disclosure particularly relates to the use of multiscale methods to

interpret IM-MS data. Illustratively, this multiscale method may be used for the analysis of the
macromolecular complexes of interest here because MD, MC, and GA simulations are too slow
for the large assemblies currently being studied by IM-MS methods. Accordingly, one aspect of
the present disclosure is that the method of interpreting IM-MS data does not rely on MD, MC or
GA simulations.

[0042] In illustrative embodiments, the method comprises an IMSET (Ion Mobility
Sequential Elimination Technique) approach that provides a new paradigm for analyzing IM-MS
data. In one embodiment, IMSET automatically seeks free-energy basins which (1) have
structure compatible with the observed cross section; and (2) were not discovered in an earlier
step in the sequential basin discovery process. In another embodiment, this method saves
substantial time that would have been spent randomly searching regions of assembly
configuration space not relevant to the experimental measurements. IMSET has applications in
other characterization methods as well (e.g., chemical labeling [45], nanofluidics [46] and AFM).
[0043] While not limited to a particular theory, it is of note that there have been major
advances in the theory of macromolecular folding and in sampling configurations in free-energy

basins [47-51]. IMSET combines elements of (1) our multiscale analysis [25,28,30-32,35-36,52-
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58]; (2) the notion of a stepwise procedure that precludes evolution into basins of attraction
identified in earlier steps in the computation; (3) an order parameter method for simplifying the
free-energy landscape to eliminate thermally irrelevant basins of attraction [54,56-59]; and (4) a
highly optimized algorithm for computing cross sections from ensembles of atomistic structures.
Any free-energy landscape exploration approach requires a degree of coarse-graining of the
original N -atom potential. Our order parameters provide a natural and general way to achieve
this [36,54,60].

[0044] In illustrative embodiments, the method of analyzing comprising multiscale
theory starts with a set of order parameters @ characterizing the overall structure of a
macromolecular assembly. In one embodiment, changes in @ describes the coherent motion of
many atoms simultaneously. This implies that they evolve much more slowly than the
fluctuations of individual atoms. This timescale separation enables one the derivation of
Langevin-type equations for stochastic order parameter dynamics [21-23,25-28,31-32,34-35,53-
54,61]. By coevolving the order parameters with the quasi-equilibrium probability density
implied by the theory, one embodiment of the method captures the coupling of processes across
scales in space and time that we believe to be the hallmark of nanosystem dynamics (FIG. 1)
[30,62]. For example, FIG. 1 is a schematic showing a loop in which order parameters
characterizing nanoscale features affect the probability of atomistic configurations which, in
turn, determine the forces driving order parameter dynamics.

[0045] The types of order parameters we have used via this approach include structural
variables [24,28,37,53-54,58,60], curvilinear coordinates [33], scaled atomic positions [26,29],
density-like field variables [27,32,35-36,61], and major subcomponent conformations [30].
These systems can involve a discrete or quasi-continuous set of time scales [63].

[0046] Order parameter dynamics is driven by the gradient of the Hemholtz free-energy
F with respect to @, i.e., by thermal-average forces. However, F = E —TS where the entropy
S depends on information available to the observer, and E is the system energy. Entropy
always incorporates our knowledge of the system (e.g., we know the system is in a given volume
of space). Thus, in our approach we incorporate knowledge of free-energy basins of attraction

already identified in previous steps of a sequential basin discovery process. The algorithm
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suggested by the above allows one to generate a search for free-energy minima without
constructing the entire landscape. This is significant because it is not practical to map out the
global landscape for large assemblies. The algorithm we develop remains local in character,
proceeding via the order parameter dynamics equations (Section I11.B) in a manner that
increasingly limits configuration space as more and more basins are automatically discovered
sequentially.

[0047] One aspect of making the above basin discovery scheme practical is an efficient
algorithm for generating an ensemble of atomistic configurations at fixed values of order
parameters, and for efficiently simulating many-atom system via evolutionary order parameters.
One aspect of the present disclosure is a unique algorithm of this type. Illustratively, it has been
implemented as the SimNanoWorld™ software [57-58]. Examples of SimNanoWorld™
simulations of large systems are provided in FIG. 2 through FIG. 4.

[0048] For example, FIG. 2(A-B) are ribbon structure depictions of a simulation
showing the Satellite Tobacco Mosaic Virus RNA structural transition (A) at 0 ns and (B) at

55 ns, showing the speed-up over an ensemble of conventional MD is 6-11 fold. FIG. 3(A-B) are
ribbon structure depictions of a simulation showing the structural transition in Cowpea Chloretic
Mosaic Virus, wherein (A) shows the initial T=3 symmetric state; and (B) shows the symmetric
swollen state after 18 ns of simulation time; although the transition starts from, and ends in a
T=3 state, the transition proceeds through states of lower symmetry; because of the symmetry
breaking this transition cannot be simulated using symmetry-constrained methods. FIG. 4(A-B)
are ribbon structure depiction of a simulation showing disassembly/collapse of a capsid-like
structure consisting of 60 copies of the Human Pappiloma Virus LI protein; wherein (A) shows
the initial state and (B) shows the collapsed state after 100 ns; this instability has been observed
in experiments and results from selected L.1-helix truncations.

[0049] Another aspect of the present disclosure is that we have disclosed a manner in
which an advanced version of this software which integrates information on basins that have
already been identified in previous steps of our IMSET algorithm may be created. The proposed
algorithm for stepwise free-energy basin discovery is presented in Sect. I1I.B along with a

detailed roadmap for implementation and demonstration. To place the IMSET approach in
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perspective, consider the following. The use of experimental data in the statistical mechanical
analysis of many-atom systems dates back to the notions of Gibbs. Gibbs set forth the ensemble
method which implies that the probability of atomistically resolved states depends on conditions
(i.e., constraints) to which the system is subjected (e.g., isothermal versus insulated, isobaric
versus isovolumetric). The modern expression of this concept is the entropy maximization
principle of Jaynes [64], where the probability of atom-resolved configurations is that which
maximizes entropy constrained by observed information. Illustratively, we disclose an adaption
of the entropy maximization principle to the nanosciences via multiscale analysis [24-25,27-
36,53-55, 58-59,61-63,65-80]. To lowest order in the multiscale theory, the probability of

atomistic configurations (i.e., the positions and momenta of N atoms) has the form pW , where
p 1s the conditional probability for atomistic configurations given that the order parameters have

specified values, while W is the time-dependent probability of the state of the order parameters
characterizing nanometer-scale features of a macromolecular system. W evolves slowly relative
to the timescale of individual atomic vibrations/collisions. For most systems of interest, W
satisfies a Smoluchowski equation. It has been shown that solving this equation is equivalent to
simulating an ensemble of order parameter timecourses generated via a set of Langevin
equations [28].

[0050] Another aspect of the present disclosure is that the experimental data influences
the Langevin evolution, i.e., drives the dynamics along trajectories consistent with our
knowledge of the system. In the present context, it drives the trajectory towards structures with
the measured cross section(s). This technique is distinct from Elber’s milestoning method, where
milestones are defined on a reaction-pathway and simulations are performed about each of the
milestones [81]. First-passage time distributions for reaching neighboring milestones are
calculated and the segments are joined together to yield a long-time trajectory. This method
cannot be applied when the reaction path is unknown. In contrast, our approach does not require
knowledge of the reaction path. We accomplish this by automatically sampling constant order
parameter ensembles to calculate thermal-average forces and diffusion factors, and self-
consistent L.angevin noise to construct the long-time trajectory of the system, providing both the

state of the order parameters and the quasi-equilibrium distribution of atomic configurations
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consistent with it. We automatically probe multiple timecourses by our constant OP ensembles of
atomistic configurations [28,37,53,58]. In this sense, our methodology provides all the
information of ensemble MD [57] but carries out the calculation with an increase of several
orders of magnitude in computational efficiency.

[0051] Yet another aspect of the present disclosure is that the method of analysis
includes using our software for (1) calculating the cross section for a given all-atom
nanostructure will be optimized, and (2) similarly for our SimNanoWorld™ software.
Subsequently the new algorithm for calculating cross sections with SimNanoWorld™ is
integrated within the method and our sequential elimination algorithm to create the IMSET
software for delineating the full set of free-energy minimizing structures of a macromolecular
assembly that are consistent with observed cross section data. We will then demonstrate IMSET
via a number of macromolecular assemblies, assess accuracy and speed, make necessary
upgrades, and make IMSET available to experimental groups.

[0052] Using the described approach, we will create the next generation of our
MOBCAL program (MOBCAL2) to enable the trajectory method (TM) calculated cross sections
for large macromolecular assemblies. To accomplish this, we will reduce the computer time to
calculate each trajectory. The most time-consuming part of the calculation is evaluation of the
effective potential. In MOBCAL, the effective potential is presently evaluated by summing
Lennard-Jones and ion-induced dipole interactions from all atoms in the assembly. The computer
time required to sum these contributions will be shortened substantially if, rather than summing
over all atoms, we bundle groups of atoms and assign an effective potential to the group. This
can only be implemented for groups of atoms that are well-removed from the buffer gas atom
undergoing the collision. When the group is near the buffer gas atom, its contribution to the
potential will be determined as before by summing over contributions from individual atoms.
Thus, the overall potential will be given by the sum of contributions from individual atoms

within a distance d of the buffer gas atom, plus the sum of the contributions from groups of
atoms beyond d .

[0053] We follow a trajectory to illustrate how this will work, starting from when the

buffer gas atom is far away from the assembly. At large distances between the buffer gas atom
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and the assembly, the effective potential is obtained by summing over the group contributions.
As the distance between the buffer gas and the assembly decreases, the groups nearest to the
buffer gas atom transition, and their contribution to the effective potential will be obtained by
summing contributions from individual atoms. After the collision as the buffer gas atom moves
away, the reverse process occurs and the effective potential at larger distances will be obtained
by summing over the group contributions.

[0054] Another aspect of the present disclosure is that the overall effective potential
changes smoothly as the atoms transition between being treated individually or as a group;
otherwise the trajectory will be discontinuous and energy will not be conserved. To this end, we

will gradually make the transition using a switching function like

B(d) = — o @ 2 Pirou(®) @)
I+ex (ds_d) I+ex (d_dsj ’
s s
[0055] where E_.,.»(d)1is the energy of the group of atoms at a distance d from the

buffer gas atom, ZE aon (1) 1s the energy of the group of atoms from summing over the

individual atomic contributions, r is the distance between the individual atoms and the buffer

gas atom, d, is the distance where the transition occurs, and § is a parameter that controls how
gradually the transition occurs. Both dg and § will be selected to minimize the range of

distances where the potential must be calculated using all atoms, while preserving accuracy.
[0056] Yet another aspect of the present disclosure is the incorporation of coarse-
graining concepts. For disclosure related to implementation in other systems, reference is made
to the references [42-44]. Within the present implementation, we will group atoms in the
assembly using several methods, and will determine which approach optimizes the balance
between efficiency and accuracy. In one approach they will be grouped by residue. In this way, it
will be possible to establish an average set of group potentials for each amino acid. For residues
that are far from the buffer gas atom, we will investigate an even coarser graining, where groups
of residues are bundled together and assigned an overall potential. In this case, residues that are
close in the three-dimensional structure will be grouped, not necessarily residues that are close in

the sequence. This second tier grouping will be less general, but it will save a lot of computer
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time in selected cases. For example, for a virus, all the residues from a capsid protein on the
opposite side of the virus from the buffer gas atom can be bundled together to give a potential for
the whole protein. We will carry out an extensive trial and error procedure to find optimal coarse
and fine-graining strategies and the ranges over which they will be used. Balancing accuracy and
speed will be the main objective of this facet of the project. In addition to these improvements,
we will parallelize the code and configure it to run trajectories simultaneously on clusters of
CPUs.

[0057] Despite improvements in the speed of TM cross section calculations, this process
will still consume considerable computer resources. In order to accomplish our main goal,
automated discovery of free-energy minimizing structure consistent with a given measured cross
section, we need to perform a large number of cross section calculations. Thus, we will require
further acceleration in the cross section calculations. To accomplish this goal, we will develop an
empirical model that uses the PA and EHSS cross sections to predict the TM cross sections. We

have developed a similar model for peptides [82]. In that work, we used the expression

Qrcs = a+Dpy + CQ;HSS +d(I'=1)+ez 3)

[0058] where Q... is the EHSS cross section, /~ is an asymmetry parameter that

EHSS
measures how distorted the geometry is from spherical, and z is the charge. While this model is
not expected to work for large assemblies, we are confident that an empirical relationship can be
derived for large complexes to provide an accurate value of the cross section. For structures with
cross sections close to the measured value we expect to repeat the cross section calculations with

the TM method.

[0059] Locating Low Free-Energy Geometries with Cross sections that Match
Experimen
[0060] In one embodiment, the method includes the implementation of descriptors. In

one embodiment, IMSET will implement a set of molecular descriptors ¥ that characterize the
geometry of a macromolecular assembly regardless of its position or orientation. For example,
these can be computed from the atomic configurations provided by SimNanoWorld™.

Ilustratively, these descriptors are used as a computational device, and therefore experimental

data on them is not required as input to IMSET. In the proposed implementation of IMSET, we
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will use mass and charge descriptors. However, other descriptors will be introduced if further
information is needed to drive simulated conformations away from free-energy minimizing

structures already known from earlier stages of an IMSET calculation. We will use total mass

and the three eigenvalues of the mass-moment tensor M,
N
me’ = Z ;8168105 (4)
i=1

[0061] for components s;,, of the relative position §; along the & = x, y,z Cartesian

directions, and mass m; of atom i (i =12,---N ), for the N -atom assembly. We will also use the
total charge, the length of the dipole moment vector and the three eigenvalues of the charge

quadrupole moment Qe (defined in analogy with Eqn. (4) except with masses replaced by
charges). With this set of nine descriptors ¥ molecular spectral peaks will be related to
structure. A larger set of descriptors related to higher moments can also be used if further
information is needed to resolve geometries.

[0062] Modified Thermal Forces

[0063] As already implemented in SimNanoWorld™, we introduce a set of order
parameters (OPs) @ that characterize overall features of a macromolecular assembly and which
are shown to evolve slowly [28,37,53, 58,60]. Using multiscale analysis, we showed that @
satisfies Langevin equations that are the basis of the schematic dynamic of FIG. 1 [28,37,53,58].
Algorithms for computing all factors (diffusions and thermal-average forces) in these equations
are implemented in SimNanoWorld™. The thermal-average forces driving @ dynamics are the
gradients of free energy with respect to @; they are constructed by our ensemble method
[28,37,53,58].

[0064] Here, we will modify this procedure to realize IMSET. Our development starts

with the entropy § that takes the modified form
S=-k, JdI" AV (@-&" ) AT (B ¥ ) p'Inp’.  (3)
[0065] Here k; is Boltzmann’s constant, p is the conditional probability of the N -atom

configuration [~ given particular values of the OPs &, I is the configuration being integrated

over, and "indicates evaluation at 7. The factor A™ is used in the entropy calculation to only
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include configurations consistent with the given values of OPs @ .The A factor is included to
guide the simulations away from the free-energy minima already identified in an earlier stage of
an IMSET simulation; for each of these identified basins, there is a set of associated descriptors

and ¥ is the set of descriptors from the free-energy minimized structures at the bottom of each

basins.

[0066] Maximizing § with respect to p constrained by average energy (the isothermal

condition) and normalization yields p(17;®; %) . Given p, we construct the thermal-average

forces driving @ dynamics [28, 37,53,58]. The result of our deductive multiscale analysis and
the construction of constraint quasi-equilibrium probability density p, is a Langevin equation for
evolution of the OPs; evolution is guided so as to escape/avoid free-energy basins associated
with previously-identified free-energy minimized structures. With this, @ is driven via Langevin
evolution to a free-energy minimum that is distinct from those already discovered in previous
steps of the IMSET procedure. This algorithm has already been tested; Fig. 5 shows preliminary
IMSET simulation wherein the macromolecule starts in one basin and rises up and over the
barrier to the next one. For a traditional MD simulation, the barrier would have not been
identified or crossed.

[0067] Thus far, we have not mentioned the cross section data £2 . This will be

accounted for in IMSET via the method developed earlier [28]. To accomplish this, we add a

factor A(.QOZ” - .Q*) in the above expression for S:
S ==k, JdI" AV (@ -7 ) A" (B A (7 -2 ) p'lnp". (6)

[0068] The factor A is a Gaussian-like function, £2°* is the observed cross section and

Q" is related to the all-atom configuration 7~* via Eqn. (1). This factor guides the simulations to

configurations consistent with experimentally observed cross section data.

[0069] Technical Details on Thermal-Average Forces and Diffusion Factors
[0070] In the multiscale formulation underlying SimNanoWorld™, the Langevin
dynamics of the OPs evolves the system to a free-energy minimum. The Langevin dynamics

takes the form
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d® [dt=Df +&. (T)
[0071] Here, ¢ is a set of random forces whose statistics are constrained by D; D isa
matrix of diffusion factors and f is the set of thermal-average forces. We proceed in analogy
with the method for constructing D and f presented earlier [24,28,58,65]. The method starts
with the relationship between the positions of the N atoms relative to the CM (5, (i=1,2,---N))

and the OPs @ [53-54]:

S; = Z@kUkz +0,. 8)
%

[0072] Here, the Uy, are basis functions, the @ are vector OPs, and the O; are “random”

displacements over-and-above the coherent motion due to the dynamic generated by the OPs

[60]. D and f are obtained by constructing an ensemble of atomic configurations for fixed

&, (k=1,---k_, for a description in terms of ky.x vector order parameters) [28]. Our technique for
constructing the residual displacements &, avoids unphysical, high-energy configurations [57-

58]. Since the OPs only vary appreciably over timescales much longer than that of atomic
collisions/vibrations, we use a hybrid sampling technique where multiple short MD runs are used
to enrich an ensemble by generating the configurations for given OPs [58]. The instantaneous OP
forces for the set of configurations are then averaged to obtain the thermal-average forces. The
A" factors are automatically incorporated in our Monte Carlo integration used to calculate the

thermal-average forces f by our method of constructing the ensemble of atomic configurations.

The £, are computed from

;__1 9
S B0 0P,

for system energy H and for f=1/k,I". Q(@, ) is the partition function associated with p.

[ar 4w (@-o") 4" (¥ - )exp(-fH") &)

Bringing the 8/ 0@, within the integral in combination with the chain rule yields an expression
for the total thermal-average force. The contribution to the thermal-average force from the

gradient of the A4 factor, fk(_) , 1s given by
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BOfT = de* exp(—ﬁH*)i

i=1 ]

With this, the thermal-average force is equal to that already computed in SimNano World™

(except with the A weighting) [58] plus a term f, arising from the gradient of A7) The

fk(_) forces guide the Langevin evolution of the OPs away from the free-energy minimizing

structure already discovered in earlier steps in an IMSET simulation. This procedure will readily
be implemented by modifying existing modules in SimNanoWorld™, and has already been used
to obtain the results of FIG. 5. FIG. 5 is a graphical representation showing a ribbon structure
depiction and a graphical representation of moment of inertia eigenvalues inset within a graph
showing energy vs. iteration number for a preliminary IMSET simulation for Lactoferrin
showing the rise and fall of the average potential energy accompanying transition from closed to
open state; also showing the increase in the molecular descriptor (notably the major eigenvalue
of the moment of inertia tensor reflecting predominant expansion along the X-axis); showing that
as the method is refined as described herein, the transition plot yields an accurate barrier height.
[0073] Implement Multiple Sets of Order Parameters for Macromolecular Assemblies
[0074] Simulating macromolecular assemblies such as those noted in Significance
presents a challenge for traditional MD methods, and similarly for the use of a single set of OPs
via Egn. (8). Neighboring macromolecules in an assembly may move in different ways during
the course of a structural transition, or disassembly/assembly. To address this, we will introduce
a set of OPs for each macromolecule involved in the macromolecular assembly. The sets used

will be similar to those presented earlier for a single macromolecule [60]. We will introduce sets
@™ of order parameters for each of the M macromolecules in the assembly (m=1,---M ). We
start with the hypothesis that the N -atom probability density p depends on the N -atom
positions and momenta 7/ both directly and, via @ = {@m,---@(M)}, indirectly. With this, our
multiscale approach yields

de"

I = lm) . Elm
=2 DR an

m'

LN
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the multiple subsystem generalization of Eqn. (7) [30]. These equations will be solved
numerically using methods implemented earlier in SimNanoWorld"™ [27,57-58].

[0075] The multiscale approach in SimNanoWorld™ has already provided great
simulation efficiency over traditional MD for large protein assemblies [57]. However, in this
project we will adapt SimNanoWorld™ for use on GPU platforms. In preliminary benchmarking
we have found this to yield a factor 2-6 in speed over non-GPU parallelization of

SimNanoWorld™.

[0076] Integration of the Latest Interatomic Force Fields

[0077] As noted above, conventional MD is used in SimNanoWorld™ to enhance
ensembles and construct diffusion factors (FIG. 1). However, interatomic force fields present
difficulties for MD. The current status of force field development is as follows. Traditionally,
MD simulations [83] have been used to study protein dynamics in solution, and are mostly
limited to the nanosecond regime. Simulations validating MD results at the sub microsecond
timescale against experiments are now extensively performed [84-91]. Recent algorithmic
developments and hardware advances [92-93] have made microsecond timescale simulations
accessible for biomolecular dynamics with atomic resolution via MD simulations. Thus, with the
microsecond timescale reachable in experiment and computation it becomes possible to validate
simulated dynamics with experiments. The accuracy of the results depends on a variety of factors
including choice of the force field, and treatment of electrostatics (e.g. Particle-mesh-Ewald
approaches outperform cut-off and reaction-field approaches). Hydrogen bonds in several
systems are not well-described by a given force field. For example, hydrogen bonds in beta
sheets are best described by CHARMM force fields, whereas AMBER force fields are best
suited for sugars and nucleic acids such as DNA or RNA [94]. For an accurate force field, a good
match between experiments and simulations is attained if the timescales of both are similar.
However, it still turns out that the best fit to many experimental quantities that probe protein
dynamics on the microsecond timescale is reached by multiple many-nanosecond MD
simulations rather than a single one for the majority of current force fields. Longer trajectories

are necessary to probe processes with long correlation times, but these also entail an accumulated
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probability of sampling conformational states that are nonnative. They are only weakly
populated in the physical system, but are hard to escape during the timescales available through
conventional MD. Thus, ensemble MD methods are most physically relevant in this regard. To
address the need for this type of simulations, in this project we use the multiscale approach
which is both highly efficient and corresponds to ensemble MD [37, 58]. Furthermore, our
implementation of the multiscale approach integrates the latest advances in the force fields.
[0078] Currently, it is difficult to determine whether the force fields are at fault and
need to be corrected to destabilize non-native conformational states mentioned above, or whether
much longer simulation times are required. However, a combination of improved force fields and
longer time simulations may be used to resolve this issue. Thus cross section calculation and our
free-energy basin exploration approach, proposed in this project will benefit further development
of force fields. Currently, there are major efforts going on in the development of force fields. For
example, a general CHARMM parameter force field for drug-like molecules (CGenFF) was
introduced in 2009 [95]. This is well-suited for variety of chemical groups, ligands and drug-like
molecules. This is a major step towards making traditional protein-simulation based packages
more suitable for simulation of molecules other than protein [95]. In particular, this option avoids
the need for generating new parameters or recalibrating those of small molecules or ligands. The
family of CHARMM force field includes two polarizable fields (a) the fluctuating charge (FQ)
model [96-97] and (b) the dispersion oscillator model [98-99]. However, as stated above, these
force fields still need improvement to fit many experiments for a wide range of timescales and
conditions.

[0079] The parameterization of MD force fields is thus an evolving field of research
that tries to generate better parameters addressing a variety of molecular structures and fits a
range of experimental values. These often consist of fitting the experimental values to the
geometrical models, calculating high-level quantum mechanical calculations of subunits and
matching the resulting parameters for terms such as atomic partial charges, bonds, and angles
empirically, by matching the behavior of the model to appropriate experimental data or all-atom
simulations. With the ongoing efforts, force fields will improve in the near future. In general, all

major developments are being made available in new distributions of the force fields. Moreover,
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the open source NAMD software package (many facets of which are used in our
SimNanoWorld™ approach) is continuously being adapted to the latest CHARMM-based force

field releases, keeping the present project in pace with the unfolding advances [100].

[0080] Tests and Benchmarks

[0081] The IMSET search algorithm may be tested against MD simulations. In addition,
both IMSET and MOBCAL?2 may be tested against experimental data individually. The
integrated IMSET software may then be tested against experimental data. There is a wealth of
information available in the literature for this purpose. We have selected the following test cases
because they raise interesting scientific questions while offering a range of different system sizes

on which to test the theoretical methods developed here:

[0082] Trp RNA-Binding Attenuation Protein

[0083] The trp RNA-binding attenuation protein (TRAP) is a 91 kDa complex of eleven
subunits that are arranged in a ring structure [101]. It regulates the expression of the tryptophan
biosynthetic genes of several bacilli by binding single-stranded RNA. TRAP is the first protein
complex to be investigated by IM-MS methods [4]. Robinson and collaborators reported cross
sections for the +19 to +22 charge states of the apo-complex; for the +20 to +23 charge states for
TRAP bound to eleven tryptophans, and for the +20 and +21 charge states with the TRAP bound
to eleven tryptophans and a 53 base segment of RNA. They concluded that the apo complex
retains the ring structure at least for the +19 charge state. However, the higher charge states have
smaller cross sections, suggesting a collapse of the quaternary structure. It is not clear why the
higher charge states should lead to more compact structures. Because at the time these
measurements were made it was not possible to perform accurate cross section calculations for a
91 kDa complex, Robinson and collaborators compared the experimental results to cross sections
calculated for a model system where each subunit is treated as a sphere. This approach probably
underestimates of the effects of multiple scattering because the spheres lack the roughness of a

real protein surface.
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[0084] Its small size, and the fact that it has a distinctive ring structure in the condensed
phase, makes TRAP a good test system to benchmark the new computational methods developed
in this project. Furthermore, the experimental results of Robinson and collaborators show a
number of interesting features begging for a more detailed analysis. We will start with the crystal
structure and calculate cross sections via the trajectory method and compare these with measured
values. It is important to know how closely the gas phase structure corresponds to the crystal
structure if ion mobility is to be a useful technique for determining the low resolution structure
for supramolecular assemblies. For example, if there is a systematic expansion of contraction on
going into the gas phase this needs to be accounted for. For small proteins it appears that there is
a small contraction [102].

[0085] The next step will be to perform MD simulations for the complex to see if the
structures from the simulations more closely match the experimental cross sections. These
studies will be performed for a range of charge states in an effort to determine the origin of the
quarternary structure collapse that apparently occurs for the higher charge states. If the
simulations reproduce the collapse, they should provide insight into the cause. Because the
TRAP complex is relatively small both MD simulations and IMSET simulations can be
performed and compared. And so next we will perform IMSET simulations using the
experimental cross sections as input to compare the structures identified by this method to those
found by MD simulations. Similar studies will be performed with the complex with bound
tryptophans and with a bound segment of RNA. In solution, addition of the RNA stabilizes the
ring structure, and this stabilizing effect was evident in the cross section measurements. We will

explore this in the simulations.

[0086] GroEL

[0087] The chaperone protein complex GroEL is a dual-ringed tetradecamer with a
mass of 860 kDa. Heck and collaborators were the first to perform ion mobility measurements
for GroEL [17] and as noted above they reported cross sections for this complex. They also
argued that the GroEL retained its barrel structure in the gas phase because the addition of a

substrate protein to GroEL did not cause the cross section to increase significantly (implying that
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the protein must be sequestered inside the complex). Again our first step will be to perform
accurate cross section calculations starting with the crystal structure to see how closely the gas
phase structure conforms to the crystal structure. We will then perform IMSET simulations to
investigate any structural changes that may occur on making the transition to the gas phase.
[0088] Robinson and collaborators [103] recently reported that the cross section
measured for GroEL depends on the buffer (volatile versus involatile) from which the ions are
electrosprayed. They suggested that the involatile buffer helps to retain the solution phase
structure, and prevents a transition to a more compact gas phase conformation. Again, the
analysis of these results is presently limited by the accuracy of the cross section calculations (the
measurements are compared to PA cross sections which almost certainly underestimate the cross
section). Our understanding of the final stages of macromolecular ion formation from an
electrospray droplet is poor and this problem provides a good opportunity to expand our
knowledge of this important question [104]. We will perform IMSET studies of the structures of
the GroEL complex both with and without salt to investigate the influence of the salt on the gas
phase structure. These studies should help to identify the optimum conditions for retaining the
solution phase conformation when electrospraying large complexes. This is clearly important in

applications using IM-MS to investiagate solution phase conformations.

[0089] Hepatitis B Virus Capsids

[0090] Heck and coworkers recently reported IM-MS studies of Hepatitis B Virus
(HBV) capsids with masses of 3 and 4 MDa for T=3 and T=4 (with 180 and 240 capsid proteins,
respectively [8]). For T=3, they found two conformations for each charge state with cross
sections that differ by around 4%. Furthermore, the cross sections increase significantly with
charge state, suggesting that a structural transition (perhaps swelling) is driven by the charge
increase. They found that the smaller conformation dissociates more readily. These results are
important and fascinating. However, the authors were unable to provide an explanation for their
observations because they lacked calculated structures as well as a way to make connections
between these structures and measured cross sections. The developments described here will

make these connections possible. We recently reported multiscale simulations of virus structural
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transitions [37,53,58]. We will perform similar studies for HBV and use IMSET to find
structures that match the measured cross sections. These simulations will be performed as a
function of charge to investigate the role of capsid charge in driving the swelling transitions.
[0091] There is a spectrum of characterization technologies which could benefit from
the approach proposed here. Progress to achieving this has been slowed due to the lack of an
efficient simulation platform and modules that can integrate predictors of this data (e.g., the cross
section reconstruction software as in Sect. III.A). In light of the extensive efforts in chemical
labeling [45, 105], neutron-inelastic-scattering [106-109], microfluidics [110-111], and atomic
force microscopy (AFM) [112-113], such software could have a major impact on research in the
life sciences. Thus we plan follow-on projects based on the integration of SimNanoWorld™
with modules for these nanocharacterization technologies. In our earlier development [28], we
presented a general theoretical approach wherein various types of nanocharacterization data can
be integrated into the SimNanoWorld™ multiscale framework much like that of Sect. IIL.B for
cross section data.

[0092] There are a plurality of advantages of the present disclosure arising from the
various features of the apparatus and methods described herein. It will be noted that alternative
embodiments of the apparatus and methods of the present disclosure may not include all of the
features described yet still benefit from at least some of the advantages of such features. Those
of ordinary skill in the art may readily devise their own implementations of an apparatus and
method that incorporate one or more of the features of the present disclosure and fall within the
spirit and scope of the present disclosure.

[0093] While the invention is susceptible to various modifications and alternative
forms, specific embodiments will herein be described in detail. It should be understood,
however, that there is no intent to limit the invention to the particular forms described, but on the
contrary, the intention is to cover all modifications, equivalents, and alternatives falling within
the spirit and scope of the invention.

[0094] References in the specification to "one embodiment”, "an embodiment”, "an
illustrative embodiment", etc., indicate that the embodiment described may include a particular

feature, structure, or characteristic, but every embodiment may not necessarily include the
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particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or characteristic
is described in connection with an embodiment, it is submitted that it is within the knowledge of
one skilled in the art to affect such feature, structure, or characteristic in connection with other

embodiments whether or not explicitly described.

[0095] Embodiments of the invention are further described by the following enumerated
clauses:
[0096] 1. A method of acquiring mass spectral data using ion mobility mass

spectrometry and interpretation of said data comprising using an ion mobility sequential
elimination technique, wherein

using the ion mobility sequential elimination technique includes obtaining the
ion’s cross section from the fraction of trajectories that strike the ion, averaged over orientation
and

the ion mobility sequential elimination technique uses a multiscale analysis,
wherein the multiscale analysis is a suite of concepts and mathematical techniques used to
simultaneously account for processes coupled across scales in space and time.
[0097] 2. The method of clause 1, wherein using a ion mobility sequential
elimination technique includes using a projection approximation, wherein a momentum transfer
cross section is approximated by a two-dimensional projection of the ion and ignores the details
of scattering processes and neglects long-range interactions.
[0098] 3. The method of clause 2, wherein Monte Carlo integrations are
implemented by randomly selecting the orientation of the ion, drawing a two-dimensional box
around it, and then firing buffer gas atoms at the area inside the box, randomly selecting the x-
and y-coordinates.
[0099] 4. The method of clause 1, wherein using the ion mobility sequential
elimination technique includes using an exact hard spheres scattering model, wherein all atoms
are replaced by hard spheres and scattering angles are determined from hard sphere scattering,

wherein long-range interactions between the ion and buffer gas atom are ignored.
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[00100] 5. The method of clause 4, wherein using the ion mobility sequential
elimination technique further comprises using the exact hard spheres scattering model to
calculate and use the collision integral.
[00101] 6. The method of clause 5, wherein buffer gas atoms can undergo more than
one collision with the ion.
[00102] 7. The method of clause 1, wherein using the ion mobility sequential
elimination technique includes using a trajectory method, wherein interactions between the ion
and buffer gas atoms are approximated by an effective potential consisting of a sum of two-body
Lennard-Jones interactions and charge-induced dipole interactions, wherein scattering angles are
determined from trajectory calculations.
[00103] 8. The method of clause 1, wherein an amount of time for interpretation is
reduced by not randomly searching regions of assembly configuration space not relevant to
experimental measurements.
[00104] 9. The method of any of any of clauses 1-8 wherein the data is generated
from a supramolecular assembly.
[00105] 10.  The method of clause 9 wherein the supramolecular assembly is a
supramolecular assembly of biological molecules.
[00106] 11. A method of analyzing ion mobility mass spectrometry mass spectral data
comprising using an ion mobility sequential elimination technique, wherein

using the ion mobility sequential elimination technique includes obtaining the
ion’s cross section from the fraction of trajectories that strike the ion, averaged over orientation
and

the ion mobility sequential elimination technique uses a multiscale analysis,
wherein the multiscale analysis is a suite of concepts and mathematical techniques used to
simultaneously account for processes coupled across scales in space and time.
[00107] 12. The method of clause 11, wherein using a ion mobility sequential
elimination technique includes using a projection approximation, wherein a momentum transfer
cross section is approximated by a two-dimensional projection of the ion and ignores the details

of scattering processes and neglects long-range interactions.
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[00108] 13.  The method of clause 12, wherein Monte Carlo integrations are
implemented by randomly selecting the orientation of the ion, drawing a two-dimensional box
around it, and then firing buffer gas atoms at the area inside the box, randomly selecting the x-
and y-coordinates.

[00109] 14.  The method of clause 11, wherein using the ion mobility sequential
elimination technique includes using an exact hard spheres scattering model, wherein all atoms
are replaced by hard spheres and scattering angles are determined from hard sphere scattering,
wherein long-range interactions between the ion and buffer gas atom are ignored.

[00110] 15.  The method of clause 14, wherein using the ion mobility sequential
elimination technique further comprises using the exact hard spheres scattering model to
calculate and use the collision integral.

[00111] 16.  The method of clause 15, wherein buffer gas atoms can undergo more than
one collision with the ion.

[00112] 17.  The method of clause 11, wherein using the ion mobility sequential
elimination technique includes using a trajectory method, wherein interactions between the ion
and buffer gas atoms are approximated by an effective potential consisting of a sum of two-body
Lennard-Jones interactions and charge-induced dipole interactions, wherein scattering angles are
determined from trajectory calculations.

[00113] 18.  The method of clause 11, wherein an amount of time for interpretation is
reduced by not randomly searching regions of assembly configuration space not relevant to
experimental measurements.

[00114] 19.  The method of any of any of clauses 11-18 wherein the data is generated
from a supramolecular assembly.

[00115] 20. The method of clause 19 wherein the supramolecular assembly is a
supramolecular assembly of biological molecules.

[00116] 21.  The method of clause 10 or 20 wherein the supramolecular assembly of
biological molecules is a virus or portion thereof.

[00117] 22.  The method of clause 10 or 20 wherein the supramolecular assembly of

biological molecules is a charged biomolecule.
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[00118] 23. A method of determining the molecular conformational state of a
supramolecular assembly comprising

acquiring mass spectral data from said supramolecular assembly using ion
mobility mass spectrometry and analyzing the acquired data using an ion mobility sequential
elimination technique, wherein

using the ion mobility sequential elimination technique includes obtaining the
ion’s cross section from the fraction of trajectories that strike the ion, averaged over orientation
and

the ion mobility sequential elimination technique uses a multiscale analysis,
wherein the multiscale analysis is a suite of concepts and mathematical techniques used to
simultaneously account for processes coupled across scales in space and time.
[00119] 24.  The method of clause 23, wherein using a ion mobility sequential
elimination technique includes using a projection approximation, wherein a momentum transfer
cross section is approximated by a two-dimensional projection of the ion and ignores the details
of scattering processes and neglects long-range interactions.
[00120] 25.  The method of clause 24, wherein Monte Carlo integrations are
implemented by randomly selecting the orientation of the ion, drawing a two-dimensional box
around it, and then firing buffer gas atoms at the area inside the box, randomly selecting the x-
and y-coordinates.
[00121] 26.  The method of clause 23, wherein using the ion mobility sequential
elimination technique includes using an exact hard spheres scattering model, wherein all atoms
are replaced by hard spheres and scattering angles are determined from hard sphere scattering,
wherein long-range interactions between the ion and buffer gas atom are ignored.
[00122] 27.  The method of clause 26, wherein using the ion mobility sequential
elimination technique further comprises using the exact hard spheres scattering model to
calculate and use the collision integral.
[00123] 28. The method of clause 27, wherein buffer gas atoms can undergo more than

one collision with the ion.
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[00124] 29.  The method of clause 23, wherein using the ion mobility sequential
elimination technique includes using a trajectory method, wherein interactions between the ion
and buffer gas atoms are approximated by an effective potential consisting of a sum of two-body
Lennard-Jones interactions and charge-induced dipole interactions, wherein scattering angles are
determined from trajectory calculations.
[00125] 30. The method of clause 23, wherein an amount of time for interpretation is
reduced by not randomly searching regions of assembly configuration space not relevant to
experimental measurements.
[00126] 31. The method of clause 23 wherein the supramolecular assembly is a
supramolecular assembly of biological molecules.
[00127] 32.  The method of clause 31 wherein the supramolecular assembly of
biological molecules is a virus or portion thereof.
[00128] 33.  The method of clause 31 wherein the supramolecular assembly of
biological molecules is a charged biomolecule.
[00129] 34. A method of determining the molecular conformational state of a
supramolecular assembly of any of the descriptions herein comprising

acquiring mass spectral data from said supramolecular assembly using ion
mobility mass spectrometry and analyzing the acquired data using a FE basin sequential
elimination technique comprising

an all-atom underlying formulation and continuous (and not discrete)
configuration space; coarse-grained structural variables; a multiscale methodology to derive
Langevin equations for the OPs and algorithms for computing all factors in these equations from
an interatomic force field; an FE basin discovery method using modification of FE driving
thermal-average forces for OP evolution that integrates prior knowledge of known FE
minimizing structures to guide the evolution to yet-unknown ones; an efficient, calibration-free
multiscale simulation methodology on which to build the methodical search algorithm, and
which is flexible enough to incorporate experimental data of a range of resolutions;

wherein the FE basin sequential elimination technique does not require prior

knowledge of the reaction path, nor the final or initial structure.
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[00130] 35. A method of determining the molecular conformational state of a
supramolecular assembly of any of the descriptions herein comprising

acquiring mass spectral data from said supramolecular assembly using ion
mobility mass spectrometry and analyzing the acquired data using an ion mobility sequential

elimination technique, according to nay of the techniques described herein.

[00131] The references cited herein are incorporated by reference in their entirety for

disclosure that is related to the present disclosure.

[00132] The invention herein may be described further as follows:

[00133] An approach for the automated discovery of low free energy states of
macromolecular systems is presented. The method does not involve delineating the entire free
energy landscape but proceeds in a sequential free energy minimizing state discovery, i.e., it first
discovers one low free energy state and then automatically seeks a distinct neighboring one.
These states and the associated ensembles of atomistic configurations are characterized by
coarse-grained variables capturing the large-scale structure of the system. A key facet of our
approach is the identification of such coarse-grained variables. Evolution of these variables is
governed by Langevin dynamics driven by thermal-average forces and mediated by diffusivities,
both of which are constructed by an ensemble of short molecular dynamics runs. In the present
approach, the thermal-average forces are modified to account for the entropy changes following
from our knowledge of the free energy basins already discovered. Such forces guide the system
away from the known free energy minima, over free energy barriers, and to a new one. The
theory is demonstrated for lactoferrin, known to have multiple energy-minimizing structures.
The approach is validated using experimental structures and traditional molecular dynamics. The
method can be generalized to enable the interpretation of nanocharacterization data (e.g., ion
mobility — mass spectrometry, atomic force microscopy, chemical labeling, and nanopore
measurements).

[00134] Multiple macromolecular conformational states are observed in numerous

experimental studies. However, it is often difficult to directly extract the 3D structures of a
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biomolecule from such data. Coarse-grained information on macromolecular assemblies is
obtained in ion mobility — mass spectrometry experiments, [1'] AFM, [2'] chemical labeling, [3']
and nanopore measurements. [4'] Such experimental data leave much ambiguity regarding
detailed structure. These data provide only a few parameters while many configurational
variables are required to capture secondary structure of a large macromolecular system. Here, an
information theory based method for the sequential discovery of conformational states of a
macromolecular system as free energy minimizing structures is presented.

[00135] The dynamics of macromolecular systems involves the coupling of processes
across multiple time and space scales. This multiscale character of macromolecular systems
presents a challenge for identifying their numerous structural states. Here, this is addressed using
a deductive multiscale approach [5'] as the basis of a structure discovery method.

[00136] The structural states usually of interest for macromolecular systems are those
which minimize the free energy (FE). Each such state represents an ensemble of all-atom
structures. The set of such structures, to which the nearby structures evolve spontaneously, is
denoted an FE basin. However, due to thermal fluctuation, there are no all-atom structures that
initiate trajectories which subsequently always reside in the basin; although high energy barriers
may trap these trajectories within a basin for an exceedingly long time. Here, a framework for
characterizing an FE basin and associated ensemble of all-atom configurations is presented. The
ensemble for a given basin is required to compute associated average quantities that mediate the
evolution of its all-atom configurations.

[00137] As one is typically interested in analyzing the kinetics of the transitions between
FE minimizing structures, i.e., FE basins, a dynamical theory of the quantities characterizing the
ensembles of all-atom configurations is needed. Here, the set of variables used to characterize

such dynamical ensembles are denoted order parameters (OPs) @ . Implicit in the above
discussion is that there is a timescale separation between the dynamics of @ and the individual

all-atom states. Thus, while the system rapidly visits many all-atom configurations within basin,

the character of the ensemble, as tracked by @, is slowly varying. Therefore, a dynamical theory

of OPs allows tracking the ensemble as the system evolves from one basin to another.
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[00138] Interest in the biomolecular structure-function relationship has led to the
development of theoretical structure discovery methods inspired by quickly growing sequencing
data. However, progress in obtaining experimental structures has been much slower. Theoretical
and computational methods for discovering the structure of macromolecular systems have
recently been reviewed [6'] and include the following: combinatorial methods [7',8'] for finding
global minimum energy conformations; all-atom structure reconstruction methods [9'] which
start with experimental Ca trace and rely on combinatorial side-chain optimization and standard
molecular dynamics (MD) energy minimization; approaches which employ specific energy
functions, [10'] simulated annealing, [11'] and mean-field optimization; [12'] global optimization
approaches for the structure prediction and FE calculations of solvated peptides; [13'] Monte
Carlo method [14'] in conjunction with simulated annealing; [15',16'] genetic optimization
algorithms; [17',18'] rigid-cluster elastic network interpolation technique [19'] and normal mode
analysis [20'] for generating feasible transition pathways between known macromolecular
conformations; enhanced rare-event sampling techniques such as transition path sampling [21']
and metadynamics [22',23'] (including molecular dynamics flexible fitting [24'] for resolving low
resolution cryo-EM structures).

[00139] These approaches provide insights into global protein structure optimization,
transition paths and FE landscapes. However, there is still room for improvement of theoretical
structure determination strategies in light of one or more of the following. (1) They are usually
limited to small systems and biologically short times. (2) Most implementations use simplified
potential models. (3) Coarse-grained models require extensive recalibration for each new
application and governing dynamics equations must be postulated. Calibration is often limited to
a small set of equilibrium states, even when used to describe non-equilibrium processes.
Extensive data is used for calibration including system-specific information such as the area and
volume accessible to the solvent, the sparse sets of NMR data, or subsystem structural
information integrated via bioinformatics methods. (4) No criterion is provided for determining
the completeness of the set of coarse-grained variables used to characterize the FE landscape. (5)
All-atom interactions and states are not used or obtained. (6) Only unsolvated structures are

addressed. (7) Only a single FE minimizing structure is provided. (8) Potential energy
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minimizing structures, and not FE minimizing ones, are provided. (9) L.ong computational times
are needed to simulate transitions between energy basins. (10) Guide a system through a path
that is not necessarily natural for the molecular physics. (11) The history of configurations
generated in a Monte Carlo sequence is not always accounted for when mapping the energy
landscape. (12) No guidelines are provided for optimization, although performance may be very
sensitive to the specific implementation, e.g., as in genetic optimization algorithm. (13) The
simulation may be trapped in local, but not global, minima. (14) Knowledge of initial and/or
final states may be required.

[00140] The objective of the present invention is to overcome most of these difficulties
using the following: an all-atom underlying formulation and continuous (and not discrete)
configuration space; coarse-grained structural variables; a multiscale methodology to derive
Langevin equations for the OPs and algorithms for computing all factors in these equations from
an interatomic force field; an FE basin discovery method using modification of FE driving
thermal-average forces for OP evolution that integrates prior knowledge of known FE
minimizing structures to guide the evolution to yet-unknown ones; an efficient, calibration-free
multiscale simulation methodology on which to build the methodical search algorithm, and
which is flexible enough to incorporate experimental data of a range of resolutions; the FE basin
sequential elimination technique introduced here does not require prior knowledge of the
reaction path, nor the final or initial structure.

[00141] A FE basin is defined as an ensemble of all-atom configurations consistent with
a set of OPs that minimize the FE, i.e., for which thermal-average forces vanish. As the
multiscale simulations progress via Langevin timesteps, it is often necessary to modify the
definition of the OPs, [25'] so that other variables (denoted descriptors here) are also used to
characterize an FE basin. These descriptors are defined directly in terms of all-atom
configurations and are typically directly measurable characteristics (e.g., moments of inertia, or
electrical dipole and quadrupole moments). Thermal-average OP forces modified by using the
descriptors characterizing known structures are introduced to guide a multiscale simulation away

from the known basins to a new one.
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[00142] The multiscale formalism for simulating macromolecular assemblies is reviewed
below. The thermal-average forces arising in multiscale analysis are modified such that they
drive macromolecular systems to new FE basins, enabling a sequential basin discovery
algorithm; details on implementation are provided below. Validation is presented below and

conclusions are drawn below.

Brief Review of the Deductive Multiscale Approach

[00143] A natural framework for casting an FE basin discovery algorithm is deductive
multiscale analysis. [5,26',27'] Let r = {;1,;2,. . ;’:N} denote the all-atom configuration of the
structure of interest. In the approach adopted here, OPs @ = {@1’@2""@%1:} describe overall

structure of the system. As earlier, [26',28',29'] the starting point of the analysis is the @ - r
relationship: [29']

Nop

=Y U,B 46, )

k=1
The residuals &; are introduced to address the truncation of the & -sum in (1') resulting from
taking a relatively small number of OPs, N, N . With this, the k -sum generates the
continuous deformation of the N -atom assembly via changes in @, while the &; account for
more random individual atomic motions. [30'] A reference structure r° is used to construct the

basis functions U, as earlier. [25'] Using mass-weighted orthogonalized [31'] U,,, [26'] one

obtains

. 1 N R N
D =—> mUyri, p,=> mUS2, (2
y 2 =1

m, being the mass of atom i. This formulation has the only difference from the one in ref 26

wherein the g, were directly embedded in U, . This more explicit formulation suggests that the

Dy are generalized CM variables and the g, are associated masses. For example, if U,; is

independent of i, then the related OP is the center of mass. Other @, characterize finer details of
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the distribution of mass.[32'] Eq. (2') does not provide the reciprocal relation, i.e., does not imply
r for given @, since the &, are yet-unspecified. This is expected since a given coarse-grained
description (@ here) corresponds to an ensemble of all-atom configurations, as addressed in

more detail below.
[00144] The deductive multiscale approach [25'] starts with the N -atom probability

density p that depends on the 6 N atomic coordinates and momenta (denoted /7). While the N
atoms constitute the structure of interest, atoms in the remainder of the system are labeled with

i > N . The starting point of the multiscale analysis is the ansatz that p depends on /” both
directly and, via the OPs, indirectly. When the U,, change slowly as the reference structure r°

varies, use of the OPs as defined in Eq. (2') introduces a smallness parameter € in the Liouville

equation obtained through the ansatz:

p=p(L, Pty 1:€), L ={t;,1y,...},1, =€t 3"

[00145] Since € is related to the ratio of the mass of a typical atom to that of a subset of

the atoms, it is small and thereby enables a perturbation analysis. [26'] The result is a Langevin
equation for @ and the coevolving OP-constrained, quasi-equilibrium probability density p of

all-atom structures: [25',26",30']

p=exp(-pH)/Q,Q(P)= jdr*m (@-0")exp(-BH"), B=1/k,T, @)

where ~ denotes evaluation at ™ over which integration is taken, and H is the Hamiltonian.
The A" factor is the product of N, narrow Gaussian-like functions introduced to impose an
OP-constraint on the ensemble of all-atom configurations.

[00146] With the above, the ensemble of all-atom configurations characterized by p
evolves with @. In turn, @ evolves via the following Langevin dynamics:

a¢ka —

81’ ﬂZDkdk'd'fk'd'+§kd’ T:gzt' (5')
k'a'

@, is the ¢-th Cartesian component of @,, and fk is the thermal-average force given by the

phase space average of the corresponding OP force [25',26]



WO 2012/109378 PCT/US2012/024362

30-

I (@) =jdr*4|+ (@—@*)exp(—ﬂH*)iUﬁﬁi*, 6"

i=1

where I:: is the net force on atom i. The diffusivity factors D, .,

in Eq. (8") are related to

correlation functions of OP time derivatives. [5',26'] A random noise term fk determines the

stochastic part of Langevin evolution and is constructed by requiring the integral of its

autocorrelation function to be proportional to the diffusion coefficient D, ,,,.[26']

oko
[00147] The above multiscale methodology was implemented as the
DeductiveMultiscaleSimulator (DMS) software,[5',26'] ' originally as the MD/OPX software,

[29',33'] and recently redesigned, optimized, and seamlessly integrated with NAMD via a new

Python interface. In the present implementation, the thermal-average forces f, were calculated
using Monte Carlo integration. The ensemble of all-atom configurations r needed was generated
in two steps. First, Eq. (1') was used with statistically chosen ¢ to generate a preliminary

ensemble of all-atom configurations consistent with instantaneous values of the OPs as they
evolve according to the Langevin dynamics (5'). This initial ensemble was enriched via short
isothermal MD runs over which @ does not change appreciably. The method takes advantage of
the special properties of the OPs introduced as in Eq. (1'), [25',26',30'] originally cast as a space-
warping framework. [28']

Formulation and Implementation of the Sequential Basin Discovery Method

[00148] A. Discovery Concepts. The foundation of the sequential elimination method
for FE basin discovery is as follows. Free energy is thermal energy minus temperature times
entropy. Entropy depends on the available information on the constraints to which the system is
subjected (e.g., temperature or specific values of @). In the sequential elimination approach, this
information includes the fact that some FE basins are known and one seeks to discover new ones.

[00149] To implement this basin discovery method, a set of N, descriptors

n= {771,. - My, } is used to characterize a basin. While these descriptors characterize overall
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system structure as do the OPs, they are not used directly in the multiscale formulation since they
may not serve as the basis of the r-@ relation (1').

[00150] In what follows, we develop formulae for these descriptors and show how they
can be used to automatically guide the multiscale dynamics (above) to a new basin given the
descriptors for the known ones. For simplicity, we present the method for the case when one
basin is known and a second one is sought. Generalization for multiple known basins is
straightforward (see below).

[00151] The search algorithm we provide combines elements of (1) the multiscale
analysis of macromolecular systems; [25',26',30',34'-47'] (2) the notion of a stepwise procedure
that precludes evolution into basins of attraction identified in earlier steps in the computation; (3)
an OP method for simplifying the FE landscape to eliminate thermally-irrelevant basins of
attraction. In addition, (4) an algorithm for accounting for experimentally determined structural

information can be incorporated in the search algorithm. [30]

[00152] B. Implementation of the Basin Discovery Algorithm. The methodology of
Sect IIILA for FE basin discovery was implemented by modifying the DMS software; [5',25,26]
this implementation is denoted here DeductiveMultiscaleSimulator.BasinDiscovery (DMS.BD).
DMS uses NAMD with the CHARMM force field to perform selected calculations to construct
forces and diffusions in the Langevin equations (above). Details on these MD calculations are
provided in Supporting Information. DMS was modified by changing the expressions for
thermal-average forces (Sect. D, below), and similarly for the diffusion factors via averaging
over restricted phase space. The workflow of DMS.BD is shown in Figure 11.

[00153] The entire FE landscape is not calculated since the discovery of adjacent basins
does not require it. [48'] Instead, the natural thermal-average forces f, (6') are used to locate
basins in the space of OPs or descriptors. The bottom of a basin is defined to be the point in OP
space where all natural thermal-average forces vanish.

[00154] DMS enables evolution of OPs along with an ensemble of all-atom
configurations constrained by the instantaneous OP values. Such ensembles are constructed

using a set of MD runs that capture a timescale much shorter than those of the OPs and are
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initialized to a given value of the OPs using higher-order OP-like variables as earlier [26'] and in

the above review. Thus, OPs remain essentially constant when the all-atom configurations are

sampled using such MD runs. As a result, the state-counting factor A" appearing in the partition
function (11') is accounted for in thermal force and diffusivity calculations. At each Langevin
timestep OPs constrain the quasi-equilibrium ensemble of atomic states which, in turn, enables
the computation of the thermal-average forces (23') and diffusivities [5',26'] that mediate
Langevin OP dynamics (5'). With this, the modified thermal-average forces guide the system to
new FE basins as below in section D.

[00155] In DMS.BD, the coevolving quasi-equilibrium ensemble is modified using
method of Sect. D. Information on known basins is accounted for in the state-counting factor A™

in the form of the product, with one factor (10') for each basin. In the current implementation of

DMS.BD, each of these factors involves several descriptors, as follows. The set {al, .. .aNd} of

accompanying exponential width factors (Sect. D) was taken to be identical for all basins.
[00156] C. Descriptors. Examples of descriptors that can be used for basin discovery
include total mass, charge, length of the dipole moment, and eigenvalues of the moment of
inertia or electrical quadruple moment tensors. Such descriptors have the important property that
they are independent of system orientation. In the current implementation, the three eigenvalues
of the moment of inertia tensor of the structure relative to its center of mass are chosen. To

discriminate between more complex structures and associated FE basins, more descriptors can be

used.
[00157] The moment of inertia tensor M is defined via
e in + Zi2 XY X%
M = Zmi —xy,  x'+zt vz | )
i=1
X% —Yi%; xi2 + yi2

Being the eigenvalues of M , molecular descriptors satisfy the cubic equation

=M +M, +M )1’ +(Mxx (M, +M_)+M M_-M_>-M’ —szz)m. &
Myy (szz _MXXMZZ)+MZZM)W2 +Myz (MxxMyz _2Mxnyz ) =0,
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whose coefficients are determined by the elements of matrix (7').

[00158] To proceed in a sequential elimination calculation, all-atom configurations
which yield descriptors close to those for the known basin are eliminated from the ensemble as
follows. FHirst one must specify the descriptors that characterize the known basin. However, a
basin includes an ensemble of all-atom configurations. For isothermal systems, this ensemble is
generated as earlier [25',26'] using short isothermal MD runs initialized with configurations
consistent with instantaneous values of @ (Sect. II). Out of this ensemble, a most probable
structure with the lowest potential energy is chosen to calculate descriptor values characterizing
the known basin.

[00159] D. Modification of Thermal-average Forces to Include Known Basin
Information. The starting point for the sequential basin discovery is entropy maximization to
determine the quasi-equilibrium probability density p constrained by the known information.
These constraints include the isothermal condition and fixed system volume, as well as the
instantaneous values of the OPs at a given stage of the Langevin dynamics. In addition, states

that resemble those in the known basin are excluded from the counting of states in the entropy
for a sequential elimination computation. With this, the entropy S takes the form:

$=—ky [T A4 (2-B') A (B =11 ) P I 1, )
where an additional factor A~ is introduced to discount the known FE basin via the descriptors at

~ known

its bottom, & = {6’1,. -6y, } . Since the descriptors are coarse-grained variables, they can be

expressed in terms of a complete set of OPs (Appendix A). Therefore, they are used here to

introduce information on the known basin to enable the discovery.

[00160] The factor A has the character of 1—A4", and therefore excludes configurations
in the known basin, i.e., configurations which have descriptors close to 8, - In other words, to
give preference to the states that are different from those in the known FE basin, this counting
factor is set to one for configurations distinct from the known one and is zero within the known

basin. The particular form of A4~ was chosen as
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Nd
A (7= Bron ) =1 —exp[—Z a,|n, (r) —6’d,km|]. (10%)
d=1

The parameter a, is proportional to the inverse width of the Gaussian-like exponential function
associated with descriptor d in Eq. (10'). The a, values are chosen to ensure escape from the
known basin (see below).

[00161] Using Eq. (9') and entropy maximization, one arrives at the OP-constrained all-

atom probability density p (4'). The associated partition function Q takes the form

*

Q(:8yn) = [ AT A (D=L ) A (7 =B,y Jexp(—BH"). ar)
This yields the Helmholtz free energy F :

F=—%1nQ(_;kawn)- (12)

[00162] By analogy with the developments of the above review, the modified thermal-
average forces f," are obtained (Appendix B). Then the Langevin equation (5') can be used to

evolve the system from the known basin to a new one. This calculation is carried out in the
present implementation using methods as earlier [25',26',29'] but with the present modified OP
forces described in detail in Appendix B. At the end of each Langevin timestep, the updated OPs
are obtained along with the associated ensemble of all-atom configurations. In turn, the latter are
used to generate the next Langevin timestep. This Langevin timestepping is stopped when the
natural (not modified — see above review) thermal-average forces are negligible, indicating

arrival at the bottom of the new FE basin.

[00163] E. Guided Evolution From the Known to Unknown Basins. The calculation
from a known basin to a new one proceeds as follows. One starts the calculation within the
known basin and then evolves the system via Langevin equation (5') with modified thermal-

average forces of Eq. (23'). A Langevin evolution course is tracked by the values of potential

energy and f, (6°). After a high FE barrier is overcome and the system descends towards the

bottom of a new FE basin, the basin discovery simulation is carried on until the thermal-average
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forces become negligible. A new basin structure is chosen from the timestep at which f, are
negligible, signifying that minimum free energy was achieved within the new basin.

[00164] Let the biasing thermal-average force f,” (20") be the &, -gradient of the FE
associated with the modified partition function (11'). Specifically, the £ are computed using

the derivatives of the state-counting factor (10') with respect to the descriptors,

- Ninoya sen r)\—8,, )a
SA e Z gN (77d (_) d,b) d . 13"
77 - d
d b=1 exp(Zadk]d (K)_ed’bn_l
d=1
[00165] It is also necessary to make an estimate of the N, inverse width parameters a,,.

In the present implementation, this is accomplished via adjustment to ensure escape from the
known basin (see second subsection of the Supporting Information below).

[00166] F. Generalization for Sequential Discovery of Multiple Free Energy Basins.
The case of a single known basin and the discovery of a new one was considered above. This
algorithm can readily be generalized to the case of sequential discovery in a step-wise procedure.

At each step, the system is guided away from the basins discovered in earlier steps to a new one.
In a given step, the A~ factor (10') can be generalized to be a product of similar factors

A (g —Qb) , one for each of the known basins labeled b =1,... N, . For basin b, the N,

* =" known

descriptors &, , are accounted for, and the set {01 seoe Gy, } of factors in the exponential function

(10") are chosen to ensure escape from each of the known basins.
[00167] The A~ factors artificially lower the FE of a system as it evolves out of the

known basins. When A™ are incorporated in a sequential calculation, the system is driven away

from all basins discovered in earlier phases of the calculation by the modified thermal-average
forces f™ (21'). Within a given phase of such a calculation, a number of Langevin steps are to

be carried out to arrive at the set of OP values at the bottom of a newly discovered basin.
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Validation for Human Lactoferrin

[00168] The FE basin discovery method was validated by finding two new FE basins on
the FE landscape for human lactoferrin. [49'] A brief summary of observations on this system is
as follows. Two crystal X-ray structures are available for this protein: diferric lactoferrin (PDB
code 1LFQG), and apolactoferrin (PDB code 1LFH). [49']

[00169] To validate the general DMS.BD algorithm of Sect. IILF, an arbitrary structure,
and notably the compact closed-lobe diferric conformation 1LFG [19'] with the iron and
carbonate ions removed (Figure 7 a), was used to start a DMS simulation to find the bottom of a
first FE basin. Then DMS.BD was used to simulate traversal of the FE topography and discover
a new basin for lactoferrin starting from the diferric basin. A set of descriptors characterizing the
closed-lobe lactoferrin structures from the bottom of this first basin was used to guide simulation
away from it. Lactoferrin was guided to a second basin with slightly opened structures. Next, a
set of descriptors characterizing the second “pseudodiferric” basin was incorporated to guide
protein to a third basin. The third basin contains open-lobe structures (Figure 7 /) which are
similar to the apolactoferrin conformation 11.FH, but are less open than the X-ray structure
1LFH (Figure 7 b). Additional details on DMS and DMS.BD simulations are provided in

Supporting Information below.

[00170] Implementation of DMS.BD is based on the interplay of A~ -modified ( f,”) and
biasing ( fkb) components of the modified FE driving forces fkm (23'). Inclusion of the A~ factor
in state counting reduces those FE minimizing forces £, (22') that would have otherwise kept
the system within the known basin (i.e., if f, and not f™ was used). The biasing forces f”, by
design, oppose the f; and, by the choice of inverse width parameters a, in Eq. (10") drive the

system away from known basin(s). Once out of a known basin, f,” becomes smaller than £, if
the structure changes appreciably relative to those characterizing the known basins. Thus, after a
barrier is crossed, the f,” drive the system towards FE minimizing structure for which
descriptors differ from those in the known basin(s). With this, the f” drive the system away

from known basins and to new ones.
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[00171] To rationalize the above effects, we compute the thermal-average forces fk 6"
at each Langevin step of a DMS.BD trajectory. For structures near the bottom of a basin all f,

are close to zero. However, stochastic forces & (5') force the system to fluctuate about the
bottom. If the system is far from the bottom, the f, are appreciable and drive the system to the

bottom. With this, the fk provide information on the FE landscape topography along a Langevin

evolution path. They indicate the location of FE barriers along the path (i.e., places where the

f, vanish). For extensive sampling, integration over these forces yields an estimate of FE barrier

height when the £, are integrated (Appendix C).

[00172] For lactoferrin oriented as in Figure 7, lobes open in the xz-plane accompanying

the transition from the diferric to the apolactoferrin basin. In particular, OPs @, . and &,

track extension-compression along the x and z directions, capturing the structural transition. The
closed and open states are also characterized by values of the descriptors (i.e., moment of inertia
eigenvalues, Figure 8). Thermal-average forces along the DMS.BD trajectory from the diferric to
the pseudodiferric basin are shown in Figure 9. Most forces fluctuate around zero along this
trajectory, suggesting that local topography along the guided trajectory has the character of a

valley. However, forces f,,, and f,,, along the trajectory suggest that a barrier is crossed, i.e.,

they change from negative to positive as the barrier is traversed, stop growing, and ultimately go
to zero as the system approaches the bottom of a new basin (Figure 9). This illustrates that our
method explores local topography in the vicinity of high probability pathways, i.e., the FE is
minimum along the directions orthogonal to the path.

[00173] In Figure 10, we plot potential energies of the most probable atomic
configurations from constant OP ensembles at every Langevin step during transitions between
specified basins. The potential energy profile also suggests a barrier crossing. Presence of such
barriers suggests that the FE and potential energy landscapes are related, but not identical (Figure
9 versus Figure 10). This is expected because entropy effects at finite temperatures are not

reflected in the potential energy profile and, therefore, can shift the location of potential energy
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features (minima or transition points) relative to the FE ones. The above transition path and
topography are not readily accessible via traditional MD, as follows.

[00174] To confirm that different FE basins were discovered, an ensemble of all-atom
configurations in the vicinity of the bottom of each basin was explored using traditional
isothermal MD. For a given basin, the MD was initialized with an all-atom state of minimum
potential energy and which was consistent with the OPs at the bottom of the basin. Then, 10 ns
NAMD runs were performed in order to show that all-atom trajectory starts and ends in the same
basin (Figures 11, 9 ¢). This MD sampling validates our method, i.e., trajectories remain for long
times in a given FE basin. That a trajectory remains in a basin is indicated by the fact that the
OPs do not change appreciably over their timecourse. In these samplings one does not obtain
structures whose set of descriptors (and, therefore, OPs) fall in the domain sampled by MD in
any other basin (Figure 14). In addition, the DMS.BD is robust to the choice of initial all-atom
structure. The analysis described in Appendix D suggests that DMS.BD can guide a system away
from a known basin through the arbitrary choice of initial structure, which does not necessarily
characterize the bottom of the basin. In this context, we probe the basin 2 to 3 transition using an
arbitrary initial structure denoted “descent 2”.

[00175] We compare our results with those from experimental and previous theoretical
observations. Transition of lactoferrin from the diferric to apolactoferrin states is accompanied
by changes in the vicinity of residues THR90 and VAL250. These residues act as hinges that
facilitate the lobe-opening transition. [50'] We observe substantial differences in the backbone
dihedral angles of these residues between the closed state and the discovered slightly open one
(Figure 13). In particular, more differences in dihedral angles are observed for residues in the
loop region than in the highly structured parts of lactoferrin. This validates that most of the
secondary structure is preserved during the transition, as has been suggested by previous
theoretical results. [19'] A residue-by-residue RMSD comparison of the backbone C,, atoms
between structures from basin 1, 2 and 3 with respect to that of the X-ray structure 1LFG of
closed lactoferrin (Figure 12) is performed. To understand differences with the apolactoferrin
structure 1L.FH, we also plot the RMSD between diferric and apolactoferrin structures. The

RMSD gradually increases from basin 1 to 3 indicating lobe opening. The deviations are
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significant in the vicinity of residues 90 and 250, indicating that the hinge motion is captured
through DMS.BD simulations. Thus, the DMS.BD predicted FE minimizing structures approach

the experimentally observed open state 1LFH.

[00176] A methodology for the sequential discovery of FE basins for macromolecular
systems is presented. Structural information from known basins is used to escape/avoid them,
and thereby enable the discovery of yet-unknown basins. The approach was implemented via our
DMS software and validated using two X-ray structures for human lactoferrin. Two new FE
basins were discovered. The method has the potential for discovering pathways of transitions
between basins, including estimates of FE barriers along the transition paths. Comparison of
nanocharacterization data with values calculated for the discovered all-atom states provides an
approach for interpretation of such data. One example of nanocharacterization data to which this
approach can be applied is collision cross-sections from ion mobility — mass spectroscopy
experiments for charged biomolecules.

[00177] The basin discovery algorithm is built on multiscale techniques. The latter
provide orders of magnitude increase in the efficiency of simulation for large macromolecular
assemblies. [5',26'] These efficiencies make the methodology and the implementation of interest
in biophysical studies such as on structural transitions in viruses. [33',51']

[00178] For high temperature, the distribution of likely states within an FE basin is very
broad and, therefore, the basin becomes less well defined. In particular, FE barriers that would
otherwise sequester all-atom trajectories to lie within the basin are lower, enabling more frequent
escape. It was shown here that descriptors chosen at the state of minimum FE in the basin can be
used to guide multiscale simulations from known to yet-unknown ones (validation above).
[00179] The present method achieves system evolution and FE landscape exploration via
trifold approach. OPs provide the coarse-grained description via an expression that facilitates the
construction of the ensemble of all-atom states consistent with the instantaneous OP values.
However, as the system departs significantly from an initial reference all-atom structure, the OPs
may not provide a viable description. Thus, in our implementation a new all-atom reference

configuration and resulting newly defined OPs are established when needed. This implies that
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the present OPs do not serve as an appropriate coarse-grained description for mapping the
broader FE landscape. In contrast, the system descriptors can serve as the coarse-grained state
variables with which to define the landscape since their definition does not involve a reference
configuration. However, the descriptors do not provide a convenient way to generate the
ensembles of all-atom states needed to construct the thermal forces and diffusion factors
mediating the evolution of the coarse-grained state. Thus, the present OPs facilitate ensemble
generation and coarse-grained evolution; the descriptors provide a coarse-grained variable for a
continuous mapping of the FE landscape despite the changing definition of the OPs. Thus, our
method integrates the OPs, the descriptors, and ensembles of all-atom states to enable multiscale
simulations across an FE landscape. This is the logic behind our trifold simulation and basin

discovery approach.

Appendix A: Relationship Between Descriptors and OPs
[00180] Here we derive relationship between the descriptors 77 (8') and the OPs @. By

substituting the @ - r relationship (1') for the atomic coordinates in the moment of inertia tensor

(7"), one obtains

NOP
me' = imi [51111' Z ’;tx"z - r;a’;‘a'J’ Fa = ;Uki¢ka + 61'0{' (14')

i=1 o'={x,y,z}

The cross-terms involving 0;, and @,, are small because the residuals ¢ are random variables
and the OPs @ are defined such as to minimize the mass-weighted square residuals. In addition,
at the FE bottom the OPs do not change a lot and the re-referencing is applied.

[00181] In view of the quadratic relation (14") for the matrix elements M . (@) and the
cubic equation for 77 (a1) (8') with the polynomial coefficients, the relationship between the

descriptors 77 and the OPs @ is binomial. This justifies the use of the descriptors 8, ..., »

evaluated using the all-atom states (1') corresponding to the FE minimum values of the OPs, to

characterize the basin in Eq. (9') for the DMS-guided FE basin discovery.
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Appendix B: Derivation of the Modified Thermal-average Forces

[00182] Here we derive the expression for the thermal-average forces, modified by the
state-counting factors 4" (10") accounting for the earlier discovered FE basins. Provided the set

of known FE basins with associated low-energy states, characterized by N N, descriptor values

6

.. » the A” is calculated for each of the atomic configurations r generated by MD sampling at

a given Langevin timestep. The associated contribution to the OP forces is composed of the

derivatives of A~ with respect to the OPs &; . The latter can be computed using the derivatives

with respect to atomic coordinates, the chain rule, and the r - @ relationship (1'). When deriving

new thermal-average forces f", one brings the 9/ 0Py derivative into the integral (11') and

uses the property of the Hamiltonian H that it does not depend on OPs explicitly,

oF ,
Aot (15"

Idfexp -fH) i

i=1

3
A1|Q)

Assume that r can be obtained from an augmented set of OPs (i.e., those including the residual
parameters as in Eq. (1')). Then the following approximation holds [29']

o _ Oy _ .
a@k Z a¢ ZUW( ) (16)

a={x,y,z} o

Using Eq. (16'), one obtains
< d
= [drexp(-pH) Y U, a—{A*A‘}. a7
i=l Y
With this, the thermal-average force is that obtained earlier (6'), with the extra A4 weighting

factor (10"), plus a new term f° arising from the following integral

d o4 and

7 ka,fk —IdFA*exp ~PH) Y k,Zan o (18")

In view of Eq. (18'), the derivatives of A with respect to the descriptors 77 should achieve their

maximum values in the already discovered stable states in order to maximize biasing force f°.
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[00183] The derivatives of the descriptors with respect to the atomic coordinates

a1, / dr,, in the new thermal-average force term f© in Eq. (18') are to be taken numerically for
each of the OP-restricted configurations within same Langevin timestep. These derivatives were
calculated using 3N independent offsets in the x,y and z coordinates of each atom with
subsequent recalculations of 77,. The speed-up in calculating these derivatives was achieved by

using the analytical roots of polynomial (8'), as opposed to using the eigenvalue calculation

subroutines.

[00184] The thermal-average forces f in our earlier approach (Appendix C in Ref. 26"

+
are obtained from the

— term in Eq. (17"),

I

* dexp(—
exp(—,b’H)?)f =§{A*exp(—ﬁH)}—A+%.

i i i

19"

Using the property of A" that it does not depend on spatial coordinates explicitly, but rather via
OPs, and employing the divergence theorem, we present the first term in Eq. (10') in a form of
full gradient and note that its contribution to the integral (17') is zero. The space derivative of H
in the second term of (19") is a negated & -component of the corresponding atomic force, F,.

Thus, one obtains

Nop 1

f =kz=;fk ’fkaz_a

Here, the f, are thermal-average forces modified by A~ factor in the phase space integral (20°).

N
[drexp(-pH) A" AU, ,F,,. (20")
i=1

[00185] It was verified that by neglecting the biasing force (18') and using only the term
f~ (20", i.e., by simply multiplying the integrand in the expression for thermal-average forces
(6') by the antigaussian-like probability function A~ of descriptors, one does not provide desired

driving force for the system to evolve out of the discovered FE basins. This is because the noise

term dominates over the OP forces (Eq. (8")). Attempts to increase the Langevin timestep A¢ and

narrowing the widths a,™ of the antigaussian A4~ did not lead to the increase in OP forces.
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[00186] The overall thermal-average force consists of two components: the FE driving
forces f, modified by A" factor, and the biasing information theory-guiding ones ( sz ),
oA dn
U, |dl ex H 4 21"
=g+ Z,”I p(-pH) 4 ( Zandarm} 217
Discussed above in validation, mutually opposing nature of these forces underlies the discovery

of basins and associated free energy minimizing structures via DMS.BD.

Appendix C: Computing Free Energy Profiles Along Langevin Paths
[00187] The FE can be calculated numerically using the values of thermal-average forces

(6') along a Langevin evolution path. Let the FE and the values of OPs at the bottom of a basin

be F,, and @, , respectively. Then the FE along a Langevin trajectory can be computed via the
path integral
S
Fi@y=F, -2 | 4@ 22')
f=t ‘i_f;c-ﬁ

This can be written in discretized form using the values of & and f, at each Langevin timestep

to arrive at specific numerical algorithm.

Appendix D: Robustness of DMS.BD to Choice of Initial All-atom Structure

[00188] After finding a local FE minimum structure (called “descent 2 structure) at

7 =79 (Figure 7 ¢), a control DMS.BD simulation was launched starting at “descent 2 structure
(Figures 8 and 10). A second simulation with narrowed widths a, was branched off from the
control one at 7 =89 (Figures 8 and 10). Knowledge of the “descent 2” structure (Table S1) was
used in constructing A~ for these two simulations. The goals of these simulations were to 1)
further test if the DMS.BD algorithm is robust enough to not require knowledge of the FE
bottom location, but can be started at some arbitrary structure within a basin; and 2) speed up
finding the FE basin 3 before even reaching the bottom of the second basin.

[00189] At the same time, the initial (basin 1—2) DMS.BD simulation with only one

basin structure known was continued in order to find a lower energy structure representative of
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basin 2 (Figures 7 f, 9, 10). Overall, this simulation allowed sampling structures from the
pseudodiferric basin 2, but did not evolve away from the basin.

[00190] In contrast, the control simulation with added information on basin 2 (in the
form of descriptors for “descent 2 structure, but not for the bottom of basin 2) exhibits sharp
increase in eigenvalue 1 of the moment of inertia tensor (Figure 8 a, fop line). This implies that
structural evolution is speeded up as compared to the DMS.BD simulation which accounts for
only one known basin. However, eigenvalues 2 and 3 do not deviate much from those in the
latter basin 1—2 run (Figures 8 b-c, unlabeled line). Narrowing the Gaussian-like exponents in

A” factors (10') helps to push the system out of known basins more efficiently. This was shown

for basin 2, where the increase of parameters a, in (10') from (9.0-10_8, 2.610°%, 4.7-10_8) in the

control run to (9.5-10_6, 2.0107°, 1.9-104) in the run branched off at 7 =89 enables successful

basin 2—3 DMS.BD transition (Figure 8, basin 3). A considerable increase in all three

eigenvalues was achieved in the latter run (Figure 8), implying overall expansion of lactoferrin.
Supporting Information

Details on MD Used to Generate Ensembles for Thermal-Average Force and Diffusion
Computations and for Basin Sampling

[00191] MBD ensemble generation in DMS.BD runs and sampling of the obtained FE
basin structures were performed using NAMD [52'] in explicit solvent,[53',54'] which is a natural
choice since the core of the DMS package already incorporates NAMD. [25'] Missing hydrogen
atoms of the protein were added using the psfgen package of VMD with all-hydrogen topology
file version 31 for proteins and nucleic acids.[55'.56'] The water molecules in the crystal
structure of the diferric lactoferrin were discarded and the protein was solvated using the rigid
three-site TIP3P model for water [57'] in a rectangular box with a minimum 15 A distance
between the box edges and the solute. Eight chloride ions were added to neutralize the positive
charges of the protein. Default protonation states at a neutral pH were assigned to all ionic
residues. Periodic boundary conditions were applied during the MD simulations. The particle

mesh Ewald method [58'] was adopted to treat the long-range electrostatic interactions. All
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calculations were carried out with a time constant of 1 fs and a cutoff of 12 A with switching
distance 10 A. At every Langevin timestep, the structure obtained in the previous step was
prepared for MD sampling by potential energy minimization using 1000 steps of the conjugate
gradient method, and isothermal isobaric ensemble (NPT) thermal equilibration for 1 ps. Atom
coordinates were recorded every 10 fs for calculating the factors in the OP dynamics equation
(58'), and every 1 ps during MD sampling of the discovered FE basins. During the MD production
phase at 310 °K the Langevin dynamics was used for the temperature control.

[00192] The starting structure for the DMS.BD calculation is prepared either by running
traditional MD or multiscale MD (as in above reveiw) as implemented in DMS. [5'] While DMS
provides lower energy structure and at a less computational expense, in the present validation of
DMS.BD method the initial structure was obtained using a short canonical ensemble (NVT) MD
run at constant volume after the above described minimization and thermalization steps. From
the configurations sampled in the latter stage, the one with the lowest protein energy was
selected as an initial structure. This allowed us to demonstrate the robustness of the sequential
elimination algorithm versus a random choice of an initial macromolecular configuration and, in
particular, some metastable initial state. Also this shows that knowledge of an initial structure is

not needed and it can be easily generated using traditional MD.

Details on DMS.BD Workflow, Parameters, and Discovered States
[00193] The steps in DMS.BD algorithm involved in guiding the macromolecular

structure to new basin are as follows. An input macromolecular structure is used as the reference
structure r° to construct OPs via Eq. (2'). Langevin timestep starts by generating an
OP-constrained ensemble of N, all-atom structures, each described by a set of atomic

coordinates r. Atomic coordinates r ., are reconstructed from OPs using Eq. (1') and are used

P
to determine the residual displacements ¢ as the differences between actual coordinates r and

I op - A set of atomic forces F for each of N all-atom structures from MD ensemble, and
k_ N, OPforces £ (21') and OP velocities are calculated in order to compute the &, °

thermal-average forces (fkm> and k_° diagonal elements 5kk of the diffusivity tensor in
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Eq. (58') with an account for known FE basins. Langevin equation is then solved numerically to

new

op are then reconstructed from

update the OPs. The evolved OP-constrained atomic positions r

new

the latter; then the residuals are reintroduced, r™" = ri" + ¢ . Finally, the structure is resolvated.

The reference structure r° is updated after some number of Langevin timesteps. Once in a

while, verification is performed if a new FE basin is reached.

[00194] Technical details on the performed DMS.BD guided simulations are as follows.
To obtain a molecular configuration representative of an initial diferric FE basin, the closed
X-ray structure 1LLFG was prepared for simulations as described above. The structure with the
lowest protein energy (called 1LLFG MD structure) was selected from the last MD production-run
stage (Figure 2 a’). As Table S1 and Figure 2 a, a’ show, the thermalization of 1L.FG crystal
structure does not alter it considerably. For example, the number of residues which participate in
either helical or beta-strand structures decreases from 372 in 1LFG to 352 in 1LFG MD, i.e., by
only 5% (Table S1). Energy is not shown for X-ray structure since it was crystallized at a low
temperature.

[00195] Next, DMS simulation was started from the 1LLFG MD structure. This simulation
has led to diferric basin structure (Figure 2 ¢), as indicated by vanishing thermal-average forces
(Figure 4). Among structures compatible with OPs from the bottom of this diferric basin, the
most probable all-atom structure with the maximum of Boltzmann weight, i.e., with minimum
potential energy is chosen to represent the basin for obtaining the descriptors and illustration
purposes (Table S1 and Figure 2 ¢). The latter structure is close to, but not the same as the FE
minimum structure. However, since it implies the same OPs as those of the FE minimum,
descriptors obtained from this structure suffice to characterize the diferric basin. Similar
procedure is used to compute molecular descriptors for all the other basins shown here.

[00196] The values of the descriptors 8, ,,d =1,2,3 representing the diferric basin (Table

dl?
S1) are determined by the values of OPs at the bottom of this basin using the relationship
developed in Appendix A. The N, inverse width parameters «a, in Eq. (10') were determined

empirically, i.e., by adjusting them until thermal-average forces along the DMS.BD trajectory

indicate escape from the basin by having a profile similar to that in Figure 4. However, in the
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case of transition between diferric and pseudodiferric basins, the initial guess on a, (24') was
sufficient.

[00197] To make the initial estimate for a,, the following two values were chosen:
relative change of each descriptor 77, after transition from the last discovered basin to a new one,

S =0 4 / 0, ... —1=0.15, and additional state-counting factor (10') for the new basin,
A° (Q;Q Nkmwnﬂ) =0.99 . This order of magnitude for ¢, can be suggested, e.g., by the difference

of the descriptors 6, , for the diferric basin and 6, , for the apolactoferrin structure (third row of

data in Table S1). The same values were used for both simulated FE basin transitions to estimate

the inverse widths as

In (1 —A” (Qa QNMWHH ))

gd |€d Ninown

(24"

a; =—

As a result, for the initial DMS.BD-guided transition from basin 1 to basin 2 the following
estimate was used: @, =9.0107°,a, =2.6107°,a, =4.7-10™° . Note, however, that DMS.BD does
not require knowledge of a target structure or a basin; here the information on them was used

only to assess the ¢, magnitudes.

[00198] To facilitate comparison of the first two discovered FE basins, the
Ramachandran plots [59'] for the representative protein structures (Figure 7 ¢, f), together with
the highest-energy transition structure (Figure 7 d), are overlapped in Figure 13. Structure
representative of a transition state was chosen from the OP-constrained ensemble corresponding
to zero of the selected thermal-average forces by taking the structure with minimum potential
energy (similar to the structures representing basins). Beginning with the basin 2—3 transition
point at 7=114 (Figure 5 g), the structures have two of the three protein lobes more open

(Figures 7 g, h) and their distinction from basin 1 structures becomes obvious.
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TABLE S1: Characteristics of human lactoferrin structures discovered using DMS and
DMS.BD

structure name | energy” | eigenvalues” RMSD (A)* SS
(keal/ ; - (res.)?
mol) | (107 amu-A?) ILFG | ILFI

1LFG MD — basin 1 — basin 2 DMS.BD simulation

1LFG X-ray N/A 2.11699 | 5.22844 |5.92435 |0 6.42580 | 372
1LFG MD* -24686 | 2.15083 | 5.35982 | 5.96525 | 1.94763 | 6.49242 | 352
1LFH X-ray N/A 2.42499 | 4.50417 | 5.38791 | 6.78823 | 0O 378
basin 1 -25273 | 2.17045 | 5.27381 | 5.91399 | 2.07272 | 6.63463 | 339
basin 1 MD -25884 | 2.19232 | 5.09673 | 5.68184 | 2.58986 | 5.93308 | 345

transition 1 -2 | -24367 | 2.21977 | 536098 | 6.02694 | 2.75830 | 7.04831 | 335

descent 2 -25602 | 2.25518 | 5.40126 | 6.06159 |2.83033 | 7.22222 | 335

descent2 MD | -26175 | 2.22644 | 5.51651 | 6.18090 | 2.69150 | 7.35988 | 332

basin 2 -25700 | 2.27002 | 5.46262 | 6.19471 | 3.65766 | 8.24560 | 325

basin 2 MD -26383 | 2.21718 | 5.34342 | 6.05574 | 3.07368 | 7.89076 | 332

descent 2 — basin 3 DMS.BD simulation

transition 2—3 | -24113 | 2.52843 | 5.69365 | 6.51387 | 5.10911 | 8.84757 | 226

basin 3 -26490 | 2.49442 | 5.83352 | 6.69610 | 5.19012 | 8.75881 | 268

basin 3 MD 27776 | 239254 | 5.92919 | 6.35707 | 5.44923 | 8.44729 | 271

“ Protein potential energy, ” three eigenvalues of its moment of inertia tensor, © RMSD for
backbone atoms relative to initial 1LFG and open 1LFH crystallographic structures, and .
number of secondary-structure residues. ¢ Structures from different FE basins were further
optimized using NAMD to be closer to the bottom of corresponding basins (resulting structures
have “MD” in their names).

[00199] FIG. 13 shows Ramachandran plots for discovered lactoferrin structures: (darker)

bottom of basin 1, (lightest) top of the barrier for basin 1—*2 transition, and (lighter) bottom of basin
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2. Most residues have dihedral angles within theoretically favored regions® shown as background
shadows, which validates that the configurations obtained from 3MS.B1 simulation retain key
secondary structure. Distribution of gnv angles is distinct for the three structures. Arrows indicate

large changes in dihedral angles for hinge residues: (horizontal) THR90, (vertical) VAL250.

Results on MD Sampling of Basins

[00200] FIG. 14 shows descriptors and their ranges in each of the three discovered FE basins
are shown below as an additional evidence of crossing the free energy barriers and resulting
distinction between basin characteristics. In a) at 1 ns, the top curve is basin 3; the next curve is basin
2, the next curve is "descent 2", and the bottom curve is basin 1. In b) at 1 ns, the top curve is basin 3;
and the other curves overlap with "descent 2" on top, basin 2 in the middle and basin 1 on the bottom.
In b) at—3.5 ns, the top curve is basin 3; the next curve is "descent 2"; and the basin 2 and basin 1
curves overlap. In b) from —5.5 ns to 10 ns, the order of curves from the top is basin 3, "descent 2",

basin 2, basin 1, with various overlaps.
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CLAIMS

1. A method of acquiring mass spectral data using ion mobility mass
spectrometry and interpretation of said data comprising using an ion mobility sequential
elimination technique, wherein

using the ion mobility sequential elimination technique includes obtaining the
ion’s cross section from the fraction of trajectories that strike the ion, averaged over orientation
and

the ion mobility sequential elimination technique uses a multiscale analysis,
wherein the multiscale analysis is a suite of concepts and mathematical techniques used to

simultaneously account for processes coupled across scales in space and time.

2. The method of claim 1, wherein using a ion mobility sequential
elimination technique includes using a projection approximation, wherein a momentum transfer
cross section is approximated by a two-dimensional projection of the ion and ignores the details

of scattering processes and neglects long-range interactions.

3. The method of claim 2, wherein Monte Carlo integrations are
implemented by randomly selecting the orientation of the ion, drawing a two-dimensional box
around it, and then firing buffer gas atoms at the area inside the box, randomly selecting the x-

and y-coordinates.

4. The method of claim 1, wherein using the ion mobility sequential
elimination technique includes using an exact hard spheres scattering model, wherein all atoms
are replaced by hard spheres and scattering angles are determined from hard sphere scattering,

wherein long-range interactions between the ion and buffer gas atom are ignored.
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5. The method of claim 4, wherein using the ion mobility sequential
elimination technique further comprises using the exact hard spheres scattering model to

calculate and use the collision integral.

6. The method of claim 5, wherein buffer gas atoms can undergo more than

one collision with the ion.

1. The method of claim 1, wherein using the ion mobility sequential
elimination technique includes using a trajectory method, wherein interactions between the ion
and buffer gas atoms are approximated by an effective potential consisting of a sum of two-body
Lennard-Jones interactions and charge-induced dipole interactions, wherein scattering angles are

determined from trajectory calculations.

8. The method of claim 1, wherein an amount of time for interpretation is
reduced by not randomly searching regions of assembly configuration space not relevant to

experimental measurements.

9. The method of any of any of claims 1-8 wherein the data is generated from

a supramolecular assembly.

10. The method of claim9 wherein the supramolecular assembly is a

supramolecular assembly of biological molecules.

11. A method of analyzing ion mobility mass spectrometry mass spectral data
comprising using an ion mobility sequential elimination technique, wherein

using the ion mobility sequential elimination technique includes obtaining the
ion’s cross section from the fraction of trajectories that strike the ion, averaged over orientation

and
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the ion mobility sequential elimination technique uses a multiscale analysis,
wherein the multiscale analysis is a suite of concepts and mathematical techniques used to

simultaneously account for processes coupled across scales in space and time.

12. The method of claim 11, wherein using a ion mobility sequential
elimination technique includes using a projection approximation, wherein a momentum transfer
cross section is approximated by a two-dimensional projection of the ion and ignores the details

of scattering processes and neglects long-range interactions.

13. The method of claim 12, wherein Monte Carlo integrations are
implemented by randomly selecting the orientation of the ion, drawing a two-dimensional box
around it, and then firing buffer gas atoms at the area inside the box, randomly selecting the x-

and y-coordinates.

14. The method of claim 11, wherein using the ion mobility sequential
elimination technique includes using an exact hard spheres scattering model, wherein all atoms
are replaced by hard spheres and scattering angles are determined from hard sphere scattering,

wherein long-range interactions between the ion and buffer gas atom are ignored.

15. The method of claim 14, wherein using the ion mobility sequential
elimination technique further comprises using the exact hard spheres scattering model to

calculate and use the collision integral.

16. The method of claim 15, wherein buffer gas atoms can undergo more than

one collision with the ion.

17. The method of claim 11, wherein using the ion mobility sequential
elimination technique includes using a trajectory method, wherein interactions between the ion

and buffer gas atoms are approximated by an effective potential consisting of a sum of two-body
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Lennard-Jones interactions and charge-induced dipole interactions, wherein scattering angles are

determined from trajectory calculations.

18. The method of claim 11, wherein an amount of time for interpretation is
reduced by not randomly searching regions of assembly configuration space not relevant to

experimental measurements.

19. The method of any of any of claims 11-18 wherein the data is generated

from a supramolecular assembly.

20. The method of claim 19 wherein the supramolecular assembly is a

supramolecular assembly of biological molecules.

21. The method of claim 10 or 20 wherein the supramolecular assembly of

biological molecules is a virus or portion thereof.

22. The method of claim 10 or 20 wherein the supramolecular assembly of

biological molecules is a charged biomolecule.

23. A method of determining the molecular conformational state of a
supramolecular assembly comprising

acquiring mass spectral data from said supramolecular assembly using ion
mobility mass spectrometry and analyzing the acquired data using an ion mobility sequential
elimination technique, wherein

using the ion mobility sequential elimination technique includes obtaining the
ion’s cross section from the fraction of trajectories that strike the ion, averaged over orientation

and



WO 2012/109378 PCT/US2012/024362

74

the ion mobility sequential elimination technique uses a multiscale analysis,
wherein the multiscale analysis is a suite of concepts and mathematical techniques used to

simultaneously account for processes coupled across scales in space and time.

24. The method of claim 23, wherein using a ion mobility sequential
elimination technique includes using a projection approximation, wherein a momentum transfer
cross section is approximated by a two-dimensional projection of the ion and ignores the details

of scattering processes and neglects long-range interactions.

25. The method of claim 24, wherein Monte Carlo integrations are
implemented by randomly selecting the orientation of the ion, drawing a two-dimensional box
around it, and then firing buffer gas atoms at the area inside the box, randomly selecting the x-

and y-coordinates.

26. The method of claim 23, wherein using the ion mobility sequential
elimination technique includes using an exact hard spheres scattering model, wherein all atoms
are replaced by hard spheres and scattering angles are determined from hard sphere scattering,

wherein long-range interactions between the ion and buffer gas atom are ignored.

27. The method of claim 26, wherein using the ion mobility sequential
elimination technique further comprises using the exact hard spheres scattering model to

calculate and use the collision integral.

28. The method of claim 27, wherein buffer gas atoms can undergo more than

one collision with the ion.

29. The method of claim 23, wherein using the ion mobility sequential
elimination technique includes using a trajectory method, wherein interactions between the ion

and buffer gas atoms are approximated by an effective potential consisting of a sum of two-body
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Lennard-Jones interactions and charge-induced dipole interactions, wherein scattering angles are

determined from trajectory calculations.

30. The method of claim 23, wherein an amount of time for interpretation is
reduced by not randomly searching regions of assembly configuration space not relevant to

experimental measurements.

31. The method of claim 23 wherein the supramolecular assembly is a

supramolecular assembly of biological molecules.

32. The method of claim 31 wherein the supramolecular assembly of

biological molecules is a virus or portion thereof.

33. The method of claim 31 wherein the supramolecular assembly of

biological molecules is a charged biomolecule.

34. A method of determining the molecular conformational state of a
supramolecular assembly comprising

acquiring mass spectral data from said supramolecular assembly using ion
mobility mass spectrometry and analyzing the acquired data using a free energy (FE) basin
sequential elimination technique comprising:

an all-atom underlying formulation and continuous (and not discrete)
configuration space; coarse-grained structural variables; a multiscale methodology to derive
Langevin equations for the order parameters (OPs) and algorithms for computing all factors in
these equations from an interatomic force field; an FE basin discovery method using
modification of FE driving thermal-average forces for OP evolution that integrates prior
knowledge of known FE minimizing structures to guide the evolution to yet-unknown ones; an

efficient, calibration-free multiscale simulation methodology on which to build the methodical
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search algorithm, and which is flexible enough to incorporate experimental data of a range of
resolutions;
wherein the FE basin sequential elimination technique does not require prior

knowledge of the reaction path, nor the final or initial structure.

35. The method of claim 34 wherein the supramolecular assembly is a

supramolecular assembly of biological molecules.

36. The method of claim 34 wherein the supramolecular assembly of

biological molecules is a virus or portion thereof.

37. The method of claim 34 wherein the supramolecular assembly of

biological molecules is a charged biomolecule.
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