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Molecular dynamics simulations have been performed on a complex in which clusters of boron in the
form of molecules of the nanodiamond ortho-carborane ðC2B10H12Þ have been inserted into the four large
nonpolar cavities of a nanotube of the right-handed coiled-coil ðRHCCÞtetrabrachion. The techniques of
multi-configurational thermodynamic integration, steered molecular dynamics and umbrella sampling
have been combined to investigate the energetics of storage of ortho-carborane in the cavities and to
map out the free energy landscape of the RHCC � tetrabrachion� ortho� carboranecomplex along the
central channel and along directions transverse to the central channel. The purpose of the study was
to explore potential pathways for the diffusion of ortho-carborane between the cavities and the solvent
and to assess the stability of the complex as a possible drug delivery system for boron neutron capture
therapy (BNCT). The investigation reveals a complex free energy landscape with a multitude of peaks
and valleys, all of which can be related to specific architectural elements of the RHCC � nanotube, and
the activation barriers for ortho-carborane capture and release support the requirements for rapid cargo
uptake coupled with tight binding to the cavities.
Crown Copyright � 2021 Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Boron neutron capture therapy (BNCT) is a next-generation
non-invasive approach to cancer therapy. BNCT is a binary applica-
tion requiring the administration of the nonradioactive isotope 10B
followed by subsequent local irradiation by thermal neutrons
(0.025 eV). Neutron capture by the 10B isotope, which features a
high neutron capture cross section, results in the fission reaction
[10B(n,a)7Li], with the production of high energy 7Li and a-
particles that deliver a high linear energy transfer to the tumor tis-
sue. The technique is very powerful and allows the selective and
highly targeted elimination of malignant tumor cells while mini-
mizing harm to healthy tissues. Due to the limited path lengths
of these particles in tissues (5–9 lm), the destructive effects are
limited to boron-containing cells. Carboranes are among the most
promising boron compounds for BNCT [1–3]. However, the admin-
istration of free carborane molecules to target cells is complicated
by the fact that boron compounds are usually absorbed by the
intestines and rapidly cleared through the renal system and, as a
consequence, the development of targeted carborane delivery
agents remains an ongoing challenge. To fill the gap between tech-
nical and clinical development, the establishment of tumor selec-
tive targeting particles for BNCT has the highest priority.

Self-assembling coiled coil peptides are among the most com-
monly occurring structural motifs in biological systems, where
they are associated with a range of functions. Coiled coil peptides
have attracted considerable attention for their fundamental role
in the rational design and engineering of self-assembling nanofi-
bers, nanotubes and nanocages and for their biomedical applica-
tions in ‘‘drug free” macromolecular therapeutics and
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immunology, and as transport vehicles for the targeted delivery
and controlled release of therapeutic drugs [4]. One source of such
coiled coils is the tetrabrachion complex which constitutes the
proteinaceous surface layer of the cell envelope of the hyperther-
mophilic archaebacterium Staphylothermus marinus. The complex
is composed of subunits, each with a 70-nm stalk that branches
into four arms, 24 nm in length [5–7]. X-ray diffraction measure-
ments [5] performed on a polypeptide chain fragment of tetrabra-
chion show that the stalk is a tetrameric right-handed coiled-coil
RHCCð Þ composed of four strands oriented in parallel in a right-
handed fashion, forming a nanotube with a central channel and
four large non-polar cavities which contain water clusters in the
native conformation. The RHCC � nanotube has been shown [5] to
be stable at high salt concentrations, temperatures of over 100�C,
high pressures and extreme ranges of pH, and several studies have
demonstrated that the hydrophobic cavities are able to uptake and
store water clusters [5], elemental sulfur S8 crowns [8,9], atomic
metals clusters [10], and polycyclic hydrocarbons [11].

Perhaps the most important equilibrium thermodynamic prop-
erty of a biomolecular system is its free energy. The free energy is a
state function that is independent of the process by which the
equilibrium state is reached or prepared. By proceeding slowly
and reversibly, it is possible to compute the free energy change
for alchemically mutating one type of residue into another, or
the absolute free energy to bind a ligand to variants of a given pro-
tein, thus providing a quantitative basis for rational protein engi-
neering and improvements in drug design. The current
investigation was designed to explore the energetics of storage of
a specific carborane compound in RHCC � tetrabrachion in order
to assess the viability of tetrabrachion as a carborane delivery
agent for purposes of BNCT. Molecular dynamics simulations were
performed on a complex of RHCC � tetrabrachion and molecules of
ortho-carborane ðC2B10H12Þ and binding free energies were com-
puted using thermodynamic integration methodology, while
steered molecular dynamics and umbrella sampling were
employed to map out the free energy landscape of the
RHCC � nanotube along the central channel and transverse to the
central channel. This in-depth free energy study reveals the poten-
tial pathways by which ortho-carborane can enter or leave the cav-
ities of RHCC � tetrabrachion and provides information about the
free energy barriers that prevent this motion. Our investigation
reveals the existence of multiple locally stable configurations of
ortho-carborane within the nanotube and demonstrates that
RHCC � tetrabrachion provides an effective storage facility for
ortho-carborane in which the up-take of ortho-carborane is highly
favoured energetically over removal. These are ideal conditions for
targeted RHCC � tetrabrachion� based Boron-Neutron capture
therapy.
2. System and methods

This section surveys the molecular morphology of the system
under investigation and identifies the source file for the atomic
coordinates, describes the molecular dynamics simulation soft-
ware and force field parameters, summarizes the basic MD simula-
tion protocols, and reviews the analytical methods employed to
compute absolute binding free energies and to map global free
energy profiles along a specified reaction coordinate.
2.1. The system

All molecular dynamics simulations were performed on a
RHCC � tetrabrachion� ortho� carboranecomplex in which all four
of the non-polar cavities of RHCC � tetrabrachion identified in the
3532
crystallographic analysis as occupied by water molecules were
instead simultaneously occupied by a single ortho-carborane mole-
cule. For the purposes of the current investigation, a slightly
unconventional notation is adopted by which these non-polar cav-
ities determined by X-ray diffraction will be identified with labels
Xa;Xb;Xc;Xd, with cavity Xa near the N-terminus and cavity Xd
near the C-terminus. The complex was formed by removing the
water molecules from cavities Xa through Xd of the measured
structure of an RHCC � tetramer (PDB code 1FE6) [5] crystallized
at T ¼ 298K in an aqueous environment and inserting a modeled
structure of an ortho-carborane molecule into each cavity. Fig. 1
shows a cross section through a Pymol image of the
RHCC � tetramer in the van-der-Waals spheres/surface representa-
tion showing the location of the four ortho-carborane molecules in
the four non-polar, water-bearing cavities identified in the original
X-ray diffraction analysis.

2.2. Molecular dynamics setup

Molecular dynamics simulations were performed with the GRO-
MACS molecular dynamics simulation package [12] using the
AMBER force field parm94 [13] and the TIP3P water model. The
force field parameters for ortho-carborane appropriate for use with
Amber 99 were obtained from Sarosi et al [14] which were adapted
from the bond stretching and torsion parameters developed from
HF/6–31 + G* optimization and GAFF values by Timofeeva et al
[15] and from the bonded terms developed by Gamba et al [16].
The partial charges on boron, carbon, and hydrogen were obtained
from closo-carboranyl antifolate models [17] generated using elec-
trostatic potential fitting in Gaussian, and calculated at the HF/6–
31 + G* level.

The RHCC � ortho� carborane complex was solvated in a rect-
angular box with dimensions 5:2nm� 5:2nm� 10:4nm containing
8560 solvent water molecules and a set of 16 charge neutralizing
Na + ions. The closest distance between any point on the RHCC
complex and the surface of the simulation box was 1.2 nm. Long-
range electrostatic interactions were treated with the particle
mesh Ewald method. The cut-off radius for all non-bonded interac-
tions was taken to be 1.0 nm and the neighbour list for all non-
bonded interactions was updated every 10 time steps. The mea-
sured structure was initially energy minimized to 1000kJ=mol
using the method of steepest descent and then re-minimized for
decreasing values of the energy until convergence was achieved
typically around 50kJ=mol.

The energy minimized system was first heated gradually from
0 K to 50 K over a time interval of 20 ps while position-
restraining the non-hydrogen atoms, using velocities chosen ran-
domly from a Maxwell-Boltzmann distribution. Heating and stabi-
lization was repeated at 150 K and 300 K over the same time
interval of 20 ps, with initial velocities at each new temperature
chosen from the final frame of the equilibrated trajectory at the
previous temperature. During the production run, the entire sys-
tem (RHCC tetrabrachion plus four ortho-carboranes plus solvent)
was maintained at a pressure of 1 atm and a temperature of
300 K using a Berendsen barostat [18] and a velocity-rescaling
thermostat [19], respectively, with time constants of 0.1 ps. Pro-
duction runs were performed for 2 ns in time steps of 1 fs using
temperature and pressure scaling [20].

2.3. Transfer free energies

The free energy for transferring one ortho� carboraneC2B10H12

molecule from the solvent into one of the cavities Xa through Xd
of RHCC � tetrabrachion was calculated by the method of double-
decoupling [21,22]:
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Fig. 1. A cross section through the RHCC � tetramer showing the locations of the four ortho-carborane molecules in the four non-polar cavities identified in the original X-ray
diffraction analysis. The ortho-carborane molecules are shown as clusters of van-der-Waals spheres (in teal). Three of the protein coils are shown in the van-der-Waals
spheres/surface representation and the fourth coil is shown in the ribbon representation (in green). The N� terminus of the tetramer is on the left and the C� terminus is on
the right, and the cavities are identified by black ovals and labels Xa;Xb;Xcand Xd. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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DGtrans ¼ DGsol!gas � DGcav!gas þ DG0
r

� �

DGsol!gas is the free energy to remove a single, unrestrained,
fully-interacting carborane molecule from solvent to the gas phase.
DGcav!gas is the free energy to remove a single carborane molecule
from one of the cavitiesXa through Xd of RHCC � tetrabrachion to
the gas phase in the presence of a flat bottom harmonic well
(FBHW) restraint potential [8]

UFBHW r < r0ð Þ ¼ 0;UFBHW r > r0ð Þ ¼ k r � r0ð Þ2 that restricts the
carborane molecule to the volume of the cavity, where

k ¼ 1000kJ mol�1nm�2 and r0 ¼ 0:55nm. DG0
r is the free energy cost

of removing the constraint from the carborane molecule, which
includes a correction for the standard concentration.

DGsol!gas and DGcav!gas are computed using the method of multi-
configurational thermodynamic integration (MCTI) [23–26] in a
single topology format, which employs a hybrid potential energy
function U ¼ 1� kð ÞUinitial kð Þ þ kUfinal kð Þ for the non-bonded elec-
trostatic and van der Waals interactions with a coupling parameter
0 � k � 1 which allows U to be varied incrementally and reversibly
from an initial state Uinitial k ¼ 0ð Þ in which the target molecule to be
decoupled is fully interacting with the rest of the system to a final
state Ufinal k ¼ 1ð Þ in which the target molecule is free and, in the
case of the cavity, interacts only with the restraint potential.
The current investigation employed approximately 20 values of
the non-bonded coupling parameters ke and kvdW . The restraint free
energy DG0

r was calculated analytically [8] using

DG0
r ¼ þRTln VFBHW=V0ð Þ where

VFBHW ¼
Z 1

0
exp �UFBHW rð Þ=RTð Þd3r

¼ 4=3ð Þpr30 þ 4pr20 pRT=kð Þ1=2 þ 2pr0 pRT=kð Þ þ pRT=kð Þ3=2

is the effective FBHW simulation volume and V0 is the standard
state volume V0 ¼ 1:660nm3 corresponding to a concentration of
1M ¼ 1molecule=1:660nm3.

The energy minimization and thermal equilibration procedures
were repeated for each value of k before generating production
runs for 2 ns. Structures were saved for analysis every 0.5 ps during
the production runs and the resulting set of 4000 structures was
used to determine hdG=dki for each value of k. The mean value
hdG=dki was calculated using g_analyze of the Gromacs MD simu-
lation package and the errors were computed by block averaging.
The statistical error in hdG=dkiwas determined from the autocorre-
lation of the data over the 2 ns trajectory. Soft-core interactions
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were incorporated into all simulations presented in this paper in
order to remove the discontinuity in the non-bonded parameters
as the interactions are turned off and to allow for proper conver-
gence. A soft-core parameter a ¼ 0:1 was found to produce the
smoothest free energy curves and the best convergence. The sam-
pling of configuration space during end-state removals (in the non-
interacting limit k ! 1) is believed to be sufficiently extensive
based on the low statistical error in hdG=dki, which is typically
between 0.5% and 3%. For all k steps, the values of hdG=dki con-
verged to a time-independent constant within the first 2 ps of each
2 ns trajectory and the derivative dG=dk varied smoothly with k,
both of which are indicative of convergence.

Re-solvation of the cavity following the extraction of ortho-
carborane can be accomplished in a similar way by tagging an
appropriate number of water molecules and transferring them in
sequence, one at a time, from the solvent into the cavity by rever-
sibly turning off the interactions between each tagged water mole-
cule and the solvent molecules, relocating that ghost water
molecule into the cavity and then reversibly turning the interac-
tions back on between that water molecule, the protein host and
the water molecules previously transferred into the cavity. The
configuration of cavity waters matched the configuration obtained
by X-ray diffraction. Further details may be obtained by consulting
reference [9].

2.4. Exit pathways for ortho-carborane

Potential pathways for the movement of ortho-carborane
between the cavitiesXa through Xd of RHCC � tetrabrachion and
the solvent were identified using the method of steered molecular
dynamics (SMD) [27–31]. A moving harmonic steering force was
applied to the centre of mass of the C2B10H12 molecule and the
molecule was pulled at constant speed along a nominally linear
path starting from its initial position in the cavity and terminating
in the solvent. The harmonic steering force has the form
F ¼ �kS fS � fCð Þ where f is the reaction coordinate along the pull-
ing direction, fS ¼ fS0 þ vt is the point of application of the steering
force, fC is the coordinate of the centre of mass of the carborane
molecule along the pulling direction and v ¼ 0:01nm=ps. The steer-
ing force constant kS was chosen so that extraction could be com-
pleted within a 2ns� time window while also allowing the
C2B10H12 molecule freedom to respond to the local environment
and deviate from the nominal pulling direction. All positions were
measured relative to a coordinate origin which coincided with one



C. Harder-Viddal, F. Heide, R.M. Roshko et al. Computational and Structural Biotechnology Journal 19 (2021) 3531–3541
of the backbone atoms of a specific reference residue located on
coil A, close to the pulling axis. Throughout all of the steering pro-
cesses, coil A of RHCC � tetrabrachion was held immobile using a
stationary harmonic constraint with a large force constant. The
remaining three coils B, C and D were unrestrained. Longitudinal
trajectories where the ortho-carborane was steered along the cen-
tral channel of RHCC � tetrabrachion were investigated as well as
trajectories that were transverse to the central channel of
RHCC � tetrabrachion and penetrated the walls of
RHCC � tetrabrachion between two neighbouring coils.

The MD steering simulation was used to extract approximately
20 equally spaced positions fiC of the CM of the C2B10H12 molecule
along the exit trajectory, and the free energy along the exit path as
a function of the position fC of the CM was constructed by the
method of Umbrella Sampling [32–34]. At each of the chosen loca-
tions, an initial equilibration was performed for t ¼ 50ps, during
which the motion of the C2B10H12 molecule was constrained to
the vicinity of the reference point by a harmonic bias potential

xi fCð Þ ¼ kU=2ð Þ fC � fiC

� �2
applied to the CM of the C2B10H12 mole-

cule. This was followed by an MD production run for t ¼ 1ns which

yielded a biased probability distribution Pb
i dð Þ for finding the

C2B10H12 molecule in sampling window i at a displacement

d ¼ fC � frefCM from a selected atom on the stationary reference resi-
due, from which the free energy Gi dð Þ in each window was com-
puted. For each cavity, multiple umbrella force constants kU were
used to generate each distribution. The umbrella sampling tech-

nique produced distributions Pb
i dð Þ which overlapped with those

in neighbouring windows and the individual results were com-
bined using the weighted histogram analysis method (WHAM)
[33,35] to generate a global free energy G dð Þ. Errors were estimated
using the bootstrapping technique [36,37].

3. Results

3.1. Transfer free energies

Table 1 summarizes the calculated values of all three contribu-
tions to the free energy for transferring one carborane molecule
from the solvent into each of the four cavities Xa through Xd of
RHCC � tetrabrachion. The calculated solvation free energy for

orthocarborane DGcal
sol C2B10H12ð Þ ¼ �8:7� 0:8kJ=mol agreed within

computational error with other calculations of the solvation free
energy [38] for several other closely related substituted 3D-
aromatic neutral carboranes (typically

DGcal
sol neutralcarboranesð Þ � 15kJ=mol). As the table shows, all four

cavities are energetically favourable for carborane relative to the
aqueous solvent.

3.2. Exit pathways for ortho-carborane

Table 2 summarizes the details of the various steering trajecto-
ries, including the carborane being steered (identified by the cavity
of origin Xa through Xd), the steering direction (longitudinal or
transverse to the central channel), the steering force constant,
Table 1
standard free energy in kJ=mol to transfer C2B10H12 from solvent to the four cavities of R

Cavity DGcav!gas DG0
r

Xa þ16:9� 2:7 �1:5
Xb þ33:2� 1:1 �1:5
Xc þ22:5� 0:7 �1:5
Xd þ19:1� 1:3 �1:5
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the steering reference residue and the umbrella force constants
used to generate the histograms and free energy profiles. The des-
ignation �C included with the longitudinal trajectories indicates
steering towards the channel exit at the C-terminus and the desig-
nation �N indicates steering in the opposite direction towards the
N-terminus. Before performing the longitudinal trajectories out of
cavity Xb, the ortho-carborane molecules in cavities Xa;Xc and Xd
were converted into ghosts by removing the non-bonded interac-

tions. A restraint force constant kA ¼ 10;000kJmol�1nm�2 was
applied to all of the backbone atoms on coil A of
RHCC � tetrabrachion to ensure that the reference residues
remained stationary throughout the steering process. As men-
tioned earlier, smaller steering force constants are preferred
because they allow the ortho-carborane molecule more freedom
to respond to the local environment and more time to explore shal-
low traps bounded by low free energy barriers, thus exposing more
of the fine structure corrugations in the free energy hypersurface.
Larger force constants will reduce wandering by rapidly extin-
guishing the smaller energy barriers, yielding smoother (more fea-
tureless) and less informative free energy profiles. While calculated
free energy profiles are thus expected to depend not only on the
specific direction of steering due to variations in the local environ-
ments encountered by the ortho-carborane molecule along the dif-
ferent extraction pathways but also on the magnitude of the
steering force constant, all of the profiles presented here were gen-
erated with the smallest force constant that allowed complete
extraction of the ortho-carborane molecule from the cavity of ori-
gin with minimal penetration into the solvent within the 2ns time
constraint of the simulations.

Fig. 2(a) shows a typical set of biased probability distributions

Pb
i dð Þ generated by umbrella sampling for a complete set of sam-

pling windows along the transverse steering trajectory out of cav-
ity Xb, plotted as a function of the displacement d of the centre-of-
mass of the ortho-carborane molecule measured from the location
of the backbone N atom on the reference residue Arg22A, and Fig. 2
(b) shows the complete set of corresponding free energy profiles
Gi dð Þ for the individual sampling windows. Fig. 2(c) shows the glo-
bal free energy profile G dð Þ as a function of the displacement d for
all three transverse pathways linking cavities Xb;Xc and Xd with
the solvent generated, by a single application of WHAM, from the
corresponding set of distributions and free energy profiles for each
pathway, and Fig. 2(d) shows a typical WHAM free energy profile
for cavity Xb generated with bootstrapping. The solid vertical lines
in Fig. 2(c) mark the approximate locations of the inner and outer
surfaces of the nanotube wall. Fig. 3 shows the global free energy
profiles for the single longitudinal channel trajectory out of cavity
1 (Fig. 3(a)) and the two longitudinal channel trajectories out of
cavity Xb (Fig. 3(b) and (c)). The schematic diagram at the top of
each figure shows the location of the ortho-carborane molecule
in the cavity of origin with a black dot and the direction of steering
with an arrow. The horizontal axis in the plot is the displacement
of the ortho-carborane molecule during steering measured relative
to a reference residue. For all channel steering directed to the right
in Fig. 3, the reference residue is located to the left of the starting
point in the cavity and thus corresponds to a positive displacement
of ortho-carborane down the channel, while for all channel steering
HCC-tetrabrachion.

DGsol!gas DGtrans ¼ DGsol!gas � DGcav!gas � DG0
r

þ8:7� 0:8 �6:7� 3:5
þ8:7� 0:8 �23:0� 1:9
þ8:7� 0:8 �12:3� 1:5
þ8:7� 0:8 �8:9� 2:1



Table 2
Steering and Umbrella Sampling Parameters.

SteeredCarboranebyCavity SteeringDirection SteeringkS kJmol�1nm�2
� �

Steering UmbrellakU kJmol�1nm�2
� �

Xa longitudinal� N 2000 Ile11A k ¼ 2000;5000
Xb transverse 4000 Arg22A k ¼ 2000;5000;10000;15000
Xb longitudinal� C 1000 Leu15A k ¼ 5000;15000
Xb longitudinal� N 1000 Ile30A k ¼ 5000
Xc transverse 4000 Arg33A k ¼ 1000;2000;5000;10000
Xd transverse 4000 Asn44A k ¼ 4000;5000;8000

Fig. 2. (a) A complete set of biased probability distributions Pb
i dð Þ generated by umbrella sampling for all of the selected sampling windows along the transverse exit

trajectory of the ortho-carborane molecule C2B10H12 out of cavity Xb through the walls of RHCC � tetrabrachion as a function of the displacement d of the CM of C2B10H12

relative to the location of the N atom of the harmonically restrained reference residue Arg22A. (b) The corresponding set of free energy profiles Gi dð Þ for all of the sampling
windows. (c) A plot of the global free energy G dð Þ generated by a single application of WHAM from the set of biased distributions for the three transverse exit trajectories of
ortho-carborane out of cavities Xb;Xc and Xd. The vertical lines mark the approximate locations of the interior and exterior surfaces of the protein wall. (d) WHAM free energy
profiles for the cavity Xb trajectory generated with bootstrapping.
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directed to the left in Fig. 3, the reference residue is located to the
right of the starting point in the cavity and thus corresponds to a
negative displacement of ortho-carborane.

It is clear from the profiles in Fig. 2(c) that occupancy of cavities
Cb;Cc and Cd is significantly favoured over the solvent by

80� 100kJmol�1and that the thermally-induced shuttling of
ortho-carborane in and out of these cavities transversely through
the walls of RHCC � tetrabrachion is controlled by a system of
energy barriers that exhibits a significant asymmetry with respect
to capture from the solvent and release from the cavity, with

DGcapture 5� 20kJmol�1 and DGrelease 80� 120kJmol�1.
Fig. 4 shows a sequence of five snapshots of the

ortho� carborane� RHCC � tetrabrachion complex at five different
times t ¼ 48ps;366ps;489ps;591ps and 769ps as the ortho-
carborane molecule is steered transversely out of cavity Xb
through a gap between coils C and D of RHCC � tetrabrachion.
The image on the left of each snapshot is a view from outside
3535
RHCC � tetrabrachion transverse to the central channel and looking
inward along the exit trajectory towards cavity 2, while the image
on the right is a complementary view along the central channel
and transverse to the exit trajectory which shows the location of
the ortho-carborane molecule as it passes between coils C and D.
In snapshot (a), the ortho-carborane molecule is still inside the cav-
ity and close to the inner wall. In snapshots (b), (c) and (d), the
ortho-carborane molecule passes between coils C and D, distorting
the helical backbone structure and bending the residue sidechains.
In snapshot (e), the ortho-carborane is entering the solvent and the
coils are relaxing into their original configurations.

By contrast with the transverse free energy profiles in Fig. 2, the
longitudinal free energy profiles in Fig. 3 exhibit complicated
structure with multiple peaks and valleys and even a single inflec-
tion point bounded by a peak on one side and a shoulder on the
other. However, as the notations in the diagrams suggest, in spite
of this complexity it is possible to relate each of the structural fea-



Fig. 3. The global free energy profiles for (a) the single longitudinal channel
trajectory out of cavity Xa and, (b) and (c) the two longitudinal channel trajectories
out of cavity Xb. The horizontal red arrows show the locations of the major and
minor channel cavities of RHCC � tetrabrachion as determined by the free energy
analysis and the blue rectangles show the free energy barriers between the cavities
labelled by the residue rings that are responsible for the barriers. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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tures of the free energy profiles in Fig. 3(a), (b) and (c) to specific
architectural elements of the RHCC � tetrabrachion nanotube. The
identification begins with a visual inspection of a Pymol movie of
the steering process which shows that each longitudinal trajectory
consists of short segments of varying lengths in which the
ortho-carborane molecule translates more or less freely down the
channel under the influence of the steering force. These segments
terminate in a clearly visible acceleration of the ortho-carborane
molecule during which it is attracted into a ‘‘stationary” configura-
tion where it oscillates and tumbles within a small volume on the
order of the size of the molecule before it slowly emerges and con-
tinues to propagate down the channel. By inspecting the movie
frames corresponding to each of the ‘‘stationary” configurations,
it was possible to determine the position of the centre-of-mass of
the ortho-carborane molecule in each of the eight ‘‘stationary” con-
figurations observed in the steering movie and each was found to
be a precise match with either one of the seven local minima or
with the solitary inflection point in the free energy landscape,
identified by horizontal red arrows with numerical or alphabetical
labels in Fig. 3. Since there is little or no discernible change in the
rigidity of the tetrameric structure of RHCC � tetrabrachion for
temperatures up to at least 400K , all of the free energy profiles pre-
sented here are expected to be valid under the physiological condi-
tions which prevail during therapy.

In order to establish the physical origin of the energy barriers
that separate the free energy minima, an investigation of the archi-
tecture of the bare RHCC � tetrabrachion nanotube (all cavities
empty) was conducted on Pymol and nine key rings of residues
were discovered distributed along the length of the nanotube. Each
ring consisted of four identical Ile or Leu residues, one contributed
by each of the four coils of RHCC � tetrabrachion and all nine rings
shared a common structural feature that was not observed in any
of the other rings that constituted the RHCC � tetrabrachion mole-
cule, namely, that at least two or three of the four residues pos-
sessed side chains that extended directly inward, partially
blocking the central channel. In order to illustrate the extent of
the channel blockage, Fig. 5 shows a view down the channel of
apo� RHCC � tetrabrachion (all carboranes removed) with (a) all
nine rings of Ile and Leu in place and highlighted in red and (b)
with all Ile and Leu rings removed. It is clear that the cross-
sectional area of the central channel is significantly diminished
by the presence of the Ile and Leu side chains by a factor of
between 4 and 8. Fig. 6 shows two Pymol reconstructions of the
RHCC � tetrabrachion� ortho� carboranecomplex created by
superposing eight movie frames corresponding to the eight ‘‘sta-
tionary” configurations of the ortho-carborane molecules, shown
as clusters of white spheres. The nine residue rings are highlighted
in different colours in a stick representation. Fig. 6(a) shows the
channel trajectory in the direction of the channel exit closest to
cavity 4 and Fig. 6(b) shows the channel trajectory in the opposite
direction. An inspection of these figures shows that the nine resi-
due rings define the physical boundaries of the eight ‘‘stationary”
configurations and that the location of each ring coincides with
either the location of one of the free energy barriers or with the
solitary free energy shoulder in Fig. 3. The nine residue rings are
shown as blue rectangles in Fig. 3 and are labelled with the residue
names.
4. Discussion

The comprehensive free energy analysis of the
RHCC � tetrabrachion� ortho� carboraneðC2B10H12Þ complex pre-
sented here shows that the RHCC � nanotube provides an energet-
ically stabilizing environment for ortho-carborane molecules
relative to immersion in an aqueous bath. As mentioned previ-



Fig. 4. A series of snapshots of the ortho� carborane� RHCC � tetrabrachion complex at five different times t ¼ 48ps;366ps;489ps;591ps and 769ps as the ortho-carborane
molecule is steered transversely out of cavity Xb through a gap between coils C and D of RHCC � tetrabrachion. The ortho-carborane molecule is shown in blue as non-bonded
spheres and dots and the five residues which suffer the greatest distortion due to the passage of ortho-carborane are shown in orange as sticks. The image on the left of each
snapshot is a view from outside RHCC � tetrabrachion transverse to the central channel and looking inward along the exit trajectory towards cavity 2, while the image on the
right is a complementary view along the central channel and transverse to the exit trajectory which shows the location of the ortho-carborane molecule as it passes between
coils C and D. In snapshot (a), the ortho-carborane molecule is still inside the cavity and close to the inner wall. In snapshots (b), (c) and (d), the ortho-carborane molecule
passes between coils C and D, distorting the helical backbone structure and bending the residue sidechains. In snapshot (e), the ortho-carborane is entering the solvent and
the coils are relaxing into their original configurations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

C. Harder-Viddal, F. Heide, R.M. Roshko et al. Computational and Structural Biotechnology Journal 19 (2021) 3531–3541
ously, X-ray crystallography measurements performed on the
native structure reveal the existence of four large hydrophobic cav-
ities and also show [5] that all cavities were filled with water mole-
cules with occupancies of 2, 9, 5, and 1 in cavities Xa through Xd,
respectively, with the nine water molecules in cavity Xb arranged
in a non-planar clathrate-like ring conformation. Molecular
3537
dynamics simulations performed on the apo� RHCC � nanotube
[5,39] show that the water clusters in the two largest cavities Xb
and Xc are marginally favourable due to intra-cluster hydrogen
bonds between the cavity waters as well as to the formation of
temporary hydrogen bonds with the carbonyl oxygens of four iso-
leucine residues in the walls of the cavities.



Fig. 5. A view down the channel of apo� RHCC � tetrabrachion (all carboranes
removed) with (a) all nine rings of Ile and Leu in place and highlighted in red and (b)
with all Ile and Leu rings removed. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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By contrast, in the current investigation, the free energy profiles
derived from a steering and umbrella analysis of potential diffusion
pathways of ortho-carborane between the central channel of the
RHCC � nanotube and the aqueous bath reveal a much richer free
energy landscape than suggested by crystallographic analysis and
show that ortho-carborane is trapped in eight different locations
along the axis of the nanotube by local energy barriers. The traps
are labelled sequentially from 1 through 8 in Fig. 3 starting from
the N� terminus (with 1 ¼ Xa and 8 ¼ Xd) and consist of seven
metastable local free energy minima plus a single marginally stable
inflection point (trap 2), bounded by local activation barriers rang-

ing from a minimum height of DGbarrier 0kJmol�1 for the inflection

point shoulder to a maximum height of DGbarrier 150kJmol�1. As
expected, four of these ‘‘stationary” configurations coincide with
the four non-polar storage cavities Xa through Xd that were iden-
tified in the original structural analysis of the RHCC tetramer [1] as
containing clusters of water molecules and these correspond to the
free energy minima labelled 1, 4, 6 and 8 in Fig. 3. Of these, cavities
4 and 6 provide the most attractive environment for the ortho-
carborane molecule relative to the solvent with

DGcarb ¼ Gcarb
cav � Gcarb

sol ffi �100kJmol�1to� 150kJmol�1 and have the

highest activation barriers DGbarrier ffi 100� 150kJmol�1. Of the
remaining set of four traps which emerge from the free energy
analysis labelled 2, 3, 5 and 7 in Fig. 3, cavities 3, 5 and 7 are com-
parable in depth to cavities 1 and 8 identified in the original crys-
tallographic analysis and cavities 3 and 5 have free energies which
3538
lie below the solvent free energy by an amount comparable to cav-

ity 1, that is, between �50kJmol�1
< Gmin � Gsol < �25kJmol�1. Fur-

thermore, all eight cavities (including the inflection point) share
the common feature that they are bounded on either end by rings
of Isoleucine and Leucine residues whose side chains penetrate
into the central channel and provide the local stabilizing energy
barriers in the form of steric hindrance that block the migration
of the ortho-carborane molecule down the central channel during
steering.

The possible existence of other cavities beyond those identified
in the original crystallographic analysis has been inferred previ-
ously through a geometrical analysis of the RHCC � tetrabrachion
molecule [40] but the simulations described here represent the
first rigorous confirmation of the existence of eight cavities by free
energy mapping, which not only allows a quantitative energy-
based comparison between the cavities but which also reveals
the presence of one marginally stable cavity not apparent from
the geometrical analysis, in the form of an inflection point.

The recognition that coiled-coil systems like
RHCC � tetrabrachion possess physical and chemical properties
that are particularly well suited for purposes of selectively targeted
drug delivery has existed for some time [40]. The drug can be
uploaded as cargo into the storage cavities and the encapsulating
walls overcome complications related to the hydrophobicity of
the cargo and prevent damage to healthy cells while themselves
exerting no cytotoxic effect on the cells. Furthermore, the N�
and C� terminals can be easily conjugated to numerous epitopes
that bind to specific cell markers, thus enabling targeted delivery.
A study by Erriksson et al. [41] demonstrated the successful bind-
ing of the anticancer drug cisplatin to the RHCC � tetramer with, on
average, one molecule of cisplatin bound per cavity, and that the
complex was stable for up to twelve hours in solution and taken
up into intracellular vesicles. The fusion of coiled-coil domains to
epitopes may also enable the production of therapeutic vaccines.
Schroeder et al. [42] and Pimentel et al. [43] demonstrated that
the repetitive arrangement of epitopes on the surface of a peptide
nanoparticle was able to elicit a specific immunogenic response
which could be exploited in the design of vaccines.

In a similar manner, it is possible to contemplate a potentially
promising treatment for malign tumors in which clusters of the
nonradioactive boron isotope 10B are uploaded into the cavities
of RHCC � tetrabrachion and delivered either in close proximity or
even into the interior of tumor cells and then activated by neutron
bombardment, producing a 7Li particle and an a� particle as the
destructive agent. Since the cargo is, by design, intended to remain
with the carrier throughout the delivery and activation process,
such a delivery system demands a tightly bound complex, and
the free energy barriers in Fig. 2(c) which control the diffusion of
ortho-carborane through the walls of RHCC � tetrabrachion clearly
satisfy this requirement. The energy barriers for capture are on
the order of the thermal energy DGcapture < 10RT with

RT ¼ 2:5kJmol�1 at 298K while the energy barriers for release are
on the order of DGrelease 60RT. According to transition state theory,
the rate constant for release at 298K would be

kr ¼ kBT=hð Þexp �DG=RTð Þ ¼ 1:95� 10�5M�1s
�1

and, using the rate
equation for a unimolecular reaction d A½ �=dt ¼ �kr A½ �, this would
correspond to a half-life of 10h for ortho-carborane in cavities 4,
6 and 8. Similar considerations apply to the free energy barriers
along the central channel of RHCC � tetrabrachion shown in
Fig. 3. The diffusion of the ortho-carboranes in cavities 4 and 6
down the central channel is tightly constrained by free energy bar-
riers with activation energies similar in magnitude to those which
characterize the walls. The ortho-carboranes in cavities 1 and 8 are
similarly constrained with respect to diffusion inward along the
central channel, towards cavities 4 and 6, but appear to be much



Fig. 6. Pymol reconstructions of the RHCC � tetrabrachion� ortho� carboranecomplex showing the nine residue rings highlighted in different colours in a stick
representation and individually labeled as isoleucine or leucine, and the ‘‘stationary” ortho-carborane configurations, shown as clusters of white spheres, for (a) the positive
channel trajectory in the direction of the channel exit closest to the C� terminus and (b) the negative channel trajectory in the direction of the channel exit closest to the N�
terminus.
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less constrained with respect to motion in and out of the channel
exits at the N� and C� terminals, suggesting that these are most
likely the routes by which they are uploaded into the
RHCC � nanotube from the solvent.

It is was pointed out earlier in connection with Fig. 4 that all
steering trajectories, whether they are directed transversely
through gaps between the coiled-coils or down the central chan-
nel, are observed to produce distortions of the a� helices, typically
on the order of 0:4nm� 0:1nm, with transverse distortions appear-
ing to relax more quickly than longitudinal distortions. This imme-
diately raises the question of whether ortho-carborane is capable of
generating the necessary distortions and creating a pathway into
the RHCC � nanotube on its own, solely through the mechanism
of thermal fluctuations or whether migration is assisted by sponta-
neous fluctuations of the protein in the form of dynamic breathing
modes which are intrinsic to the protein. Fully atomistic, room
temperature molecular dynamics simulations of complete transit
trajectories of small nonpolar ligands between the solvent and
the heme-binding pocket of myoglobin [44,45] coupled with a free
volume fluctuation analysis reveal the existence of identifiable
entrance and exit portals on the surface of the protein and of
intrinsic dynamic pathways where expansion and contraction of
internal cavities regulated by the opening and closing of gates con-
trolled by dihedral rotations in specific amino acids, and large
structural fluctuations in the spaces between the a� helices of
the myoglobin scaffolding may facilitate internal migration of
ligands through the protein matrix. The ligand movements along
the pathways consist of a sequence of rapid hops between tran-
3539
sient docking sites where the ligand dwells for relatively long peri-
ods of time [45], a description which matches that of down-
channel steering in the current study. Such breathing modes may
well play a role not only in the uptake and transport of ortho-
carborane by RHCC � tetrabrachion but also in substantiating one
of the biological functions proposed for the anaerobic hyperther-
mophilic archeon S. marinus, namely, the capture and storage of
cyclooctasulfur rings from its native sulfur-rich environment in
order to make elemental sulfur available as a terminal electron
acceptor for energy producing redox-reactions [9]. Future work
will focus on searching for evidence of the necessary dynamic
structural flexibility in RHCC � tetrabrachion.

Finally, it is important to call attention to other approaches that
have been developed for mapping entire networks of entry/exit
channels in biomolecules based on a detailed reconstruction of
the landscape of local metastable free energy traps (pockets) which
characterize such complex systems [46–48]. These approaches are
computationally much more intensive than the current approach
and employ a variety of enhanced sampling techniques to analyze
active site binding and unbinding events of ligands that might
adversely affect the biological functionality, for the purpose of for-
mulating novel drug design strategies. By contrast, In the current
investigation, where the emphasis is on ligand diffusion for the
purposes of simple storage rather than chemical transformation,
and where the pathways between the solvent and the cavities tend
to lack the diversity and complexity of those in other systems, a
more heuristic approach has been adopted which depends on
direct steering through gaps in the protein walls.
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5. Conclusion

The use of nanoparticles such as Albumin to carry drugs of inter-
est [49,50] has allowed for an expansion of molecular libraries used
for medical treatments. Nevertheless, these nanoparticle-ligand
complexes must be examined on an individual basis in order to
establish their specific physicochemical properties, mechanisms of
action and delivery capabilities. The a� helical coiled-coil is among
themostprevalent oligomerizationmotifs encountered inbiological
systems andplays a significant role inmany key biological processes
such as transcription, membrane fusion, intercellular communica-
tion and molecular motors. Its simple, robust and highly adaptable
design and its ability to bind biologically relevant molecules have
suggested its potential application to medical nanotechnology.
Molecular dynamics simulations performed on a complex of
RHCC � tetrabrachion and ortho-carborane show that the tetrameric
RHCC host has at least seven and possibly as many as eight storage
cavities of varying sizes distributed along its central channel, each
capable of accommodating a single ortho-carborane molecule. The
asymmetric nature of the free energy activation barriers identified
in this MD-based analysis permit rapid up take of ortho-carborane
from the solvent coupled with slow release through gaps between
thecoiled-coilwalls andalso throughthechannelexits at theN� ter-
minus and C� terminus of the nanotube. These conditions position
the RHCC � carborane complex as an ideal candidate vehicle for
boron-neutron capture therapy.
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