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Biomechanical forces play a central role in the action of AAA+ (ATPases
associated with various cellular activities) nanomachines to assist essential cellular
processes such as protein degradation and microtubule severing. These
nanomachines, which have a ring–shaped hexameric structure, exert a mechanical
action on their substrates through a set of central channel loops. The loops grip
parts of the substrate polypeptide chain and apply forces on the rest of the
substrate. These stochastic forces arise from the cyclical axial motions of the loops.
This review discusses our computational investigations, performed using
coarse–grained or atomistic descriptions of biopolymeric molecules, into the
mechanisms of two classes of AAA+ nanomachines that mediate these processes.
In the degradation pathway, caseinolytic protease ATPases perform unfolding and
threading actions on substrate proteins (SPs) to enable their degradation within
the central peptidase chamber. Our studies reveal the dependence of remodeling
mechanisms on SP topology and uncover the role of rotational diffusion of
multidomain SPs in modulating the mechanical unfolding action. Microtubules
are assemblies of biopolymers found in most eukaryotic cells, with homologs in
eubacteria and archea. They have roles in all crucial cellular processes from mitosis
to intracellular transport, and the maintenance of cell shape. Understanding how
the dynamics of these biopolymers is modulated by the interactions with a large
array of microtubule associated proteins, which results in microtubules being
available when and where the cell requires, is an ongoing effort in cell biology.
Here we present a review of our recent work in modeling the response of
microtubule lattices to the proposed mechanisms of action of a specific class of
microtubule associated proteins, the severing enzymes, which modulate
microtubule dynamics by inducing filament cutting.
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Introduction

Biological nanomachines in the AAA+ (ATPases associated with diverse cellular activities)
superfamily utilize mechanical forces to assist diverse cellular mechanisms such as DNA replication,
protein degradation, disassembly of toxic protein aggregates, severing of microtubules (MTs), or
transporting cargo along MTs (1–3). These machines assemble in single– or double–ring hexamers
that enclose a narrow central channel with a dynamic diameter of 1–2 nm (4–7). Catalytic activity
is provided by one or two conserved nucleotide–binding domains (NBDs), or AAA domains, that
power large–scale conformational transitions of individual subunits through ATP hydrolysis (8, 9).
The hallmark mechanical action of the AAA+ machines involves gripping and applying force onto
the substrate protein (SP) through a set of flexible loops, one in each NBD, that protrude into the
central channel and undergo repetitive axial motions in nonconcerted allosteric cycles (10–14).
These loops comprise a conserved G–aromatic–hydrophobic–G sequence motif, which allows a
strong interaction with the SP and enables a “paddling” mechanism to promote force application in
the axial direction (14, 15).

In this review, we focus on our recent results on the action of two classes of AAA+ machines,
bacterial caseinolytic protease (Clp) ATPases that perform SP unfolding and translocation in the
degradation pathway and severing enzymes (katanin or spastin), which are responsible for the
severing of MTs. Our computational studies, performed at multiple length and time scales, yield
diverse mechanical remodeling pathways associated with these processes resulting in extensive
sampling of the conformational space of the polypeptide chains and of the polymeric assemblies.
Statistical mechanical approaches used to analyze these results reveal detailed information about
the reaction kinetics of SP unfolding and translocation, the coupling between mechanical pulling or
pushing mediated by AAA+ machines and SP remodeling, and the effect of rotational diffusion of
folded SP domains on the remodeling mechanism.

Clp machines, which assist protein degradation, are assembled through axial stacking of one or
two ATPases, such as the single–ring ClpX or ClpY or the double–ring ClpA, and a central peptidase
chamber, ClpP or ClpQ (5, 16–19). Recognition of diverse SPs through a short C–terminal peptide
tag, such as the E. coli SsrA (20–23), or through an intrinsic sequence (24–26), unleashes the
powerful mechanical unfolding mechanism mediated by the Clp ATPase that enables threading the
polypeptide chain through the central pore and its ultimate fragmentation by the peptidase.
Degradation rates are primarily dependent on the mechanical resistance of the SP near the point of
force application rather than the global thermal stability of the folded domain (27, 28). In agreement
with the local stability model, lower degradation rates are observed for dihydrofolate reductase
(DHFR), which has a mechanically strong β–sheet terminal structure, than barnase, which has
a softer α–helical structure. In addition to the local topology, mechanical anisotropy of the SP
renders the direction of force application an important factor in controlling the degradation rate. For
example, the β–sheet of the I27 domain of titin may be unfolded through an unzipping mechanism
by applying force in a softer mechanical direction perpendicular to the β-sheet registry or through
shearing by a force in the stronger direction parallel to it. Single–molecule force spectroscopy
experiments using Laser Optical Tweezers (LOT) or Atomic Force Microscopy (AFM) have
provided valuable insight into the Clp–mediated mechanisms by probing a selective mechanical
interface along the direction of N–C terminals (29–34). These experiments revealed that processive
unfolding of multidomain SPs occurs through successive events of domain unraveling interspersed
with dwell times. The unfolding pathways reflect the height of energy barriers encountered in
mechanical pulling along the N–C direction and indicate a lower bound of ≈ 20 pN for the
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loop–mediated force, corresponding to mechanical work ≈ 5kBT. Coordinated pulling by multiple
loops within allosteric cycles was found to yield polypeptide translocation bursts of 1-4 nm.

SP unfolding and translocation mechanisms have also been studied using computer simulations
of model pores or coarse–grained descriptions of the Clp–SP system (35–38). To probe the coupling
between the dynamic conformational changes of the Clp subunits and SP remodeling actions, we
developed coarse–grained and atomistic simulations of SP unfolding and translocation in repetitive
allosteric cycles (39–44). Our studies, using small model SPs, such as a four–helix bundle protein
(HBP) and an α/β protein, pinpointed the role of local SP topology in these mechanisms. We found
that, whereas unfolding of both SPs is initiated at the tagged C–terminal, faster unfolding time scales
are associated with weaker mechanical resistance near the terminal (39, 40). Our coarse–grained and
atomistic simulations of Clp–mediated remodeling of single and tandem SPs comprising fusion I27
domains probed direction–dependent unfolding mechanisms. Our results revealed that the plasticity
of Clp ATPase oligomer modulates SP unfolding by favoring the unzipping mechanism in the open
pore configuration and the shearing mechanism in closed pore configurations (43). In atomistic
simulations of allosteric Clp cycles, we found that the presence of multiple folded domains in a
tandem SP strongly affects the rotational diffusion of folded domains through a crowding effect
and results in branching of unfolding pathways due to sampling of multiple SP orientations (44).
In additional simulations, we compare and contrast these mechanisms with those in a restrained
geometry that mimics the single-molecule force spectroscopy setup. In accord with the experimental
results, we find single unfolding pathways consistent with the mechanical interface along the N–C
direction and weak effects due to the presence of multiple folded domains.

An important class of AAA+ machines is that of microtubule (MT)-severing enzymes, which
use the energy from the ATP hydrolysis to break the MT lattice, resulting in formation of blunt
ends, during cellular processes such as mitosis and meiosis (45–47). MTs, the longest and most rigid
cytoskeletal filaments, are polymeric assemblies of non-covalently linked subunits called tubulin
dimers, which consist of one α and one β monomer. The subunits are arranged in protofilaments
(PFs), which are rungs of longitudinally-connected tubulin dimers. The standard cellular MT
filament is composed of 13 PFs connected laterally and arranged in a helical fashion resulting in a
B-lattice characterized by the fact that each like monomer (α and, respectively, β) from a PF forms
lateral contacts with the neighboring like monomers from its two adjacent PFs. This rule applies
to all lateral interfaces between PFs, with the exception of the interface between PFs 1 and 13
which is an A-lattice where the β monomer from one PF is in lateral contact with the α monomer
from its neighbor and vice-versa. This lateral interface is called the seam. Three classes of MT-
severing enzymes are known: katanin, spastin, and fidgetin (48, 49). While they are functional only
in oligomeric form, most likely as a hexamer, reports from the literature indicate that the hexamer
forms only in the presence of ATP and possibly a minimal substrate peptide (48). The first structure
of a severing enzyme was one for spastin (PDB code 3B9P) (50) and showed that the AAA ATPase
domain contains the canonical α/β NBD embraced by two helices, and a smaller four-helix bundle
domain (HBD). Moreover, the AAA domain is linked to an N-terminal domain consisting of a
three-helix bundle (PDB code 2RPA) (51) that binds MTs with low affinity (52). High-resolution
structures for the hexameric states of katanin and spastin have only recently been solved using cryo-
EM (53–57). The authors found populations corresponding to two main states: one helical (spiral)
where all protomers are ATP-bound, and another ring where one protomer has no density for a
nucleotide. All structures show that the hexamer has a central pore lined by 3 pore loops important
for MT-severing, which is flanked by helices with roles in the ATPase activity. While the way the
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hexameric enzyme gets oriented on a MT lattice is unknown, experiments showed that the acidic
carboxy-terminal end (CTT) of tubulin subunits binds to the central pore of the enzyme (58). This
interaction is functionally-relevant as for both katanin and and spastin, the removal of the CTT
through enzymatic digestion completely inhibits their ability to sever (50, 58). Moreover, several
groups showed that defects in the MT lattice may be important to initiate severing (59) as severing
motors have higher affinity for defect sites within the filament (60) such as missing subunits,
dislocations (61, 62), and post-translational modifications. These findings indicate that the
mechanical and dynamic nature of MTs are directly linked with the nanoscale structural integrity of
the filament.

A major unknown is the severing mechanism. The only aspect that is known for certain is that it
consists of the application of forces by the hexameric form of the severing enzyme on the MT lattice
(63). There are two main proposed mechanisms in the literature (64). The first mechanism is the
“unfoldase” and it is based on the typical mechanism that other AAA+ machines such as ClpX use to
unfold their small protein substrates (29). The idea is that the severing enzyme tears out dimers from
the lattice by using the mechanical work of sequential ATP hydrolysis to pull and thread the tubulin
peptide chain through the central pore of the hexameric complex (53, 58, 64, 65). Importantly,
the degree of unraveling in the tubulin monomers must be minimal as the severed subunits have
been shown to reincorporate into nearby MT structures (66). Support for the unfoldase mechanism
was recently provided by the finding of a helical staircase arrangement of pore loops in the highest
resolution structures of the spiral states of the hexameric katanin and spastin, which suggests a
hand-over-hand passing from one severing enzyme protomer to the next of the portion of a tubulin
chain located inside the enzyme (56, 57). The second proposed mechanism is the “wedge”. In this
case, a severing enzyme bound to the CTT holds it rigidly within the pore of its hexameric form
while the main mechanical action corresponds to a pushing force on the MT lumen resulting in the
destabilization and ultimately the cutting of the MT lattice structure (50, 53, 64). In summary, at
this time there is no agreement on many fundamental aspects of MT severing such as the orientation
of the hexameric states of the enzymes on MTs, the degree of cooperativity between enzymes, the
amplitude and the direction of the forces required to cut the MT lattice, and the molecular steps
responsible for severing (64, 67, 68). Also, despite the biochemical evidence, there are no direct
mechanical measurements of MTs during the process of severing. Such mechanical measurements
would need to use force monitoring in some way (68). The only available experimental results are
those from AFM indentation experiments on bare MT filaments (69–72).

Our efforts have been directed towards addressing a number of these challenging MT severing
aspects: the role of lattice defects, and the molecular-level steps that would correspond to the two
proposed severing mechanisms reviewed above. Due to the lack of direct experimental
measurements, we focused on in silico measurements of the dynamics of lattice breaking under
forces. This allows us to direct forces to push and pull in specific locations on the lattice. In our work
we employed the self-organizing polymer (SOP) model (73), coupled with Brownian dynamics, to
follow the removal of tubulin dimers from different MT lattices (defect-free and with defects). To
probe the unfoldase mechanism, we applied constant-loading rate pulling forces to select regions of
an MT filament (74). To probe the wedge mechanism, we followed the bending and destruction
of MTs under the action of indentation forces applied akin to AFM studies (75, 76). In both cases,
we compared and contrasted our distributions of MT lattice bending and breaking angles to
experimental results from in vitro severing experiments.
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Figure 1. Translocation of a model α/β protein mediated by the allosteric ClpY pore. (A) Stepped
transitions are observed in the contour length of the translocated polypeptide chain as a function of time.

Harmonic restraints are applied in the distal region after t = 50 τ. (B) Translocated segment during each
cycle has an end–to–end extension (ΔS) commensurate with the axial motion of 1–3 central channel loops.

Reproduced under Creative Commons Attribution (CC BY) open license from reference (42).

Results and Discussion

Coarse-Grained Simulations of Model Substrate Proteins Highlight Topology-Dependent
Remodeling Mechanisms

Large time and length scales associated with the action of AAA+ machines represent major
challenges for computational studies of these systems. To overcome such requirements, we first
studied mechanisms involving model proteins, which can be designed according to specific
requirements. Considering SPs with diverse topology and relatively simple energy landscapes
facilitates access to the relevant time scales to probe mechanisms such as the local stability
hypothesis. To this end, we considered model proteins which have either α-helical or combined α-
helical and β-sheet (α/β) structure. We focused on a four–helix bundle protein (HBP), designed
by the DeGrado group (77), and an α/β protein, which has the same fold as the B1 domain of
proteins L and G, comprising N– and C–terminal β–hairpins that flank an internal α–helix. The
mechanical resistance of these protein folds reflects the stabilization mechanisms of each topology.
The α–helical structure has weaker mechanical resistance given its stabilization by van der Waals
interactions between helical regions, whereas the α/β protein has stronger mechanical resistance
given its stabilizing hydrogen bond network. We probed the bulk unfolding mechanisms of each of
these model SPs by using an approach that mimics single–molecule force spectroscopy experiments
through application of mechanical force at the C–terminal, along the N–C direction, while
maintaining the N–terminal at a fixed position (see Methods). For both SPs, we found that unfolding
proceeds along multiple pathways (39, 42). In the HBP case, the major pathway, which occurs in
75% of simulation trajectories, corresponds to unfolding initiated through removal of the N–terminal
helix, while the minor pathway corresponds to the unfolding initiated at the pulled C–terminal (39).
In the α/β protein case, the major pathway, which occurs in 45% of trajectories, corresponds to
unfolding of the N–terminal hairpin, the secondary pathway, which occurs in 41% of trajectories,
corresponds to unfolding of the C–terminal hairpin first (42), and the tertiary pathway corresponds
to simultaneous unfolding of both hairpins.
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Figure 2. Simulations of ClpYΔI-mediated remodeling of I27 tandem SPs. (A). Unrestrained (top panels)
or restrained (bottom panels) multidomain SPs with 1, 2, or 4 I27 domains (orange) and (SsrA)2 peptides
(gray) in allosteric cycles of ClpYΔI (green and gray). Conserved central channel loops are shown in purple

(orange). An axial external force is applied on amino acids transiently located within the pore and an
opposing force is applied onto the N–terminal in the restrained simulations. (B) Schematic representation of

conformational transitions of ClpY subunits between “open” (green) and “closed” (red) pore
configuration. (C) The ClpY cycle is described using 12 clockwise subunit conformational transitions. Each

subunit undergoes a transition between its open (green) and closed (red) pore configuration. Reproduced
with permission from reference (44). Copyright 2019 American Chemical Society.

Next, we performed coarse–grained simulations that probed unfolding of these model SPs in
repetitive cycles of the ClpY ATPase (see Methods). Our results revealed distinct pathways of Clp-
mediated unfolding compared with those observed in bulk unfolding. For HBP, we found that
unfolding requires removal of the C–terminal helix as an obligatory initial step. Binding of the
resulting three–helix bundle fragment to the auxiliary I–domains helps to stabilize this folded HBP
fragment until further unfolding occurs either prior to or simultaneous with translocation (39). For
the α/β protein, the reaction kinetics comprises complex pathways that may involve simultaneous
unfolding and translocation or several unfolding events prior to translocation (42). In both cases,
unfolding is initiated at the C–terminal, where the mechanical force is applied due to pulling by the
ClpY channel loops. Translocation of both SPs involves sharp stepped transitions which indicates
that ClpY uses a power stroke mechanism to process the polypeptide chain. In accord with this
observation, we find that translocation involves collaboration of 1–3 ClpY loops within an ATPase
cycle through successive SP gripping and force application. This intra-ring allosteric cooperativity
results in translocation of polypeptide segments with end–to–end extensions of 1–3 nm,
commensurate with the multiple 1 nm excursions of individual loops along the channel axis (Figure
1). Simulation results are in very good agreement with experimental studies that indicate discrete
translocation steps of 1–4 nm in GFP degradation mediated by the ClpX machine (13, 31, 32).
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In addition to these similar SP remodeling actions, we found topology–dependent mechanisms
that occur due to distinct SP mechanical resistance near the C–terminal and the direction of force
application. In particular, HBP unfolding of occurs on a fast time scale that reflects the weak
stabilizing contacts of the C–terminal helix in the bundle. By contrast, α/β SP unfolding involves
longer time scales consistent with the hydrogen–bonded network stabilizing the C–terminal hairpin.
Whereas initial HBP unfolding involves removal of the C–terminal helix through a single
mechanism, unfolding of the C–terminal hairpin of the α/β SP occurs through either shearing or
unzipping mechanisms. The bifurcated pathways of the α/β SP are consistent with the application
of mechanical force along different directions of mechanical resistance. As a result of the distinct
unfolding properties of these SPs, translocation represents the rate–limiting step of degradation of
HBP whereas unfolding is the rate-limiting step for degradation of the α/β protein. Overall, our
results are consistent with experimental observations that indicate processive degradation of SPs
initiated at the tagged polypeptide terminal and with the local stability hypothesis that suggests
higher degradation rates of HBP due to the weaker mechanical resistance near its C–terminal.

Multiscale Modeling of I27 Remodeling Reveals Role of Interactions with the Clp
ATPase Surface and the Effect of Multidomain SPs

To elucidate the role of mechanical anisotropy in Clp–mediated remodeling of SPs, we
performed coarse–grained simulations of threading of the I27 domain of titin through the ATPase
pore (see Methods) (43). The I27 domain has a β–sheet structure that is stabilized by the
“mechanical clamp” involving hydrogen bonds between the N– and C–terminal A′-G strands,
therefore unfolding along the N–C direction, which is aligned with the β-sheet registry, requires
cooperative removal of these contacts. Thus, the N–C direction represents a strong mechanical
interface. Our simulations probed the unfolding and translocation of the I27 monomer through
the channel of ClpYΔI, which lacks the auxiliary I domain, in open and partially closed pore
configurations that model intermediate conformations in the nonconcerted ATPase allosteric cycle.
In these simulations we considered SP unfolding both in the restrained geometry in which the
C–terminal of the SP is engaged by the ATPase whereas the N–terminal is restrained through an
opposing force, as in single–molecule force spectroscopy experiments, and in an unrestrained
geometry, as in the in vivo degradation process. We found that, in the unrestrained geometry, SP
unfolding occurs through an unzipping mechanism in the open pore configurations as the A′–G
interface is oriented perpendicular to the ClpYΔI axis and mechanical force is applied along a
direction of weak resistance. A shearing mechanism is identified in the partially closed pore
configuration as the A′–G interface is nearly aligned with the Clp axis and force is applied along a
direction of strong mechanical resistance. In the restrained geometry, SP unfolding involves only
the shearing mechanism as the mechanical force is applied in the direction parallel to the A′–G
interface. Given the large heterogeneity of the Clp ATPase surface resulting from nonconcerted
subunit motions, we propose that Clp plasticity modulates these direction-dependent SP remodeling
mechanisms.

Experimental studies of degradation of fusion proteins comprising multiple folded domains
indicated the release of partially degraded species containing a subset of the domains (78). To
understand the degradation mechanisms of multidomain SPs, we performed atomistic simulations of
unfolding and translocation of tandem SPs consisting of one, two or four I27 domains in repetitive
cycles of ClpYΔI (see Methods and Figure 2) (44). In accord with our prior coarse–grained results
discussed above, the atomistic simulations revealed that monomeric SPs unfold on a fast time scale
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through a single pathway corresponding to unzipping the A′-G interface. We found that dynamic
conformational changes of the ClpY pore during the allosteric cycles coupled with the rotational
flexibility of the I27 monomer allow the SP orientation such that pulling is effected along the soft
mechanical direction (Figure 3). By contrast, unfolding of multimeric SPs occurs on significantly
longer time scales and through branched pathways that use either unzipping, when force is applied
along a soft mechanical direction, or shearing mechanisms, when force is applied along the strong
mechanical direction. These distinct mechanisms arise from hindered rotational diffusion of the
C–terminal I27 domain in tandem SPs as the presence of multiple folded domain induces a crowding
effect. In the restrained geometry, a single unfolding pathway was identified for both monomeric and
tetrameric SPs, as the mechanical tension along the N–C direction precludes the crowding of folded
domains.

Figure 3. Mechanisms of direction–dependent unfolding of tandem SPs mediated by ClpYΔI. Probability
density map of unfolding (QN) and orientation (θ) of unrestrained (A) monomeric (B )dimeric and (C)

tetrameric SPs in allosteric cycles of ClpYΔI; (D) unrestrained monomeric SP for the non-allosteric ClpYΔI;
Restrained (E) monomeric and (F) tetrameric SPs in allosteric cycles of ClpYΔI. Reproduced with

permission from reference (44). Copyright 2019 American Chemical Society.
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Coarse-Grained Modeling of the Mechanical Response of Microtubules Highlights
the Specificity of the Action of Severing Enzymes, a Class of AAA+ Proteins

Figure 4. Results of molecular indentation studies of MT lattices. (A) Final stage of indentation on a MT
lattice with 8 dimers in each PF and the ends of the lattice kept fixed. The cantilever-like sphere is

represented through the black circle and the dimensions (filament length and diameter) are listed. (B) the
distribution of bending angles from this type of simulation (magenta) versus angles obtained during in vitro
severing experiments (black), and (C) the evolution of the force acting on the lattice versus time; (D) Final
stage of indentation on a MT lattice with 12 dimers in each PF and only the minus end of the lattice kept

fixed, (E) the distribution of bending angles from this type of simulation (magenta) versus angles obtained
during in vitro severing experiments (black), and (F) the evolution of the force acting on the lattice versus

time. Data from reference (76).

To probe the proposed “wedge” mechanism of action of severing enzymes on MT filaments
described above, we followed the bending and breaking of MT lattices under the action of mechanical
forces applied using a constant loading rate regime and through a cantilever sphere that recalls the
indentation set-up from AFM experiments (76). To ensure that our results are not influenced by
finite-size effects, we probed MT filaments of various lengths. Figure 4 depicts our main findings for
the simulation set-ups leading to the two most distinct behaviors.
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The left panels in Figure 4 show our results for a typical run where we considered the “wedge”
action on a short interior region of a MT filament. Namely, the cantilever sphere pushed on a short
MT lattice resting on a plate and with both ends kept fixed, as depicted in Figure 4A for indentation
on the seam of a MT lattice with 8 dimers in each PF (MT8). We found an initial harmonic bending
behavior typical of a viscoelastic material at low forces (Figure 4C). Further increase in the applied
force to 0.500 nN leads to the breaking of the lateral interactions at the seam, rather than the buckling
response seen in covalently linked filaments or in continuous models of biomolecular filaments such
as MTs (79–83). Under pushing forces exceeding the 0.600 nN corresponding to the plateau in
Figure 4C, we found the breaking of longitudinal interfaces between tubulin subunits. The degree
of breaking of the lattice is depicted in the simulation snapshot from Figure 4A. Comparison of the
distribution of bending angles for the MT lattice in our simulations with the distribution arising from
in vitro severing experiments using katanin p60 (84) (Figure 4B) shows that the two distributions
are different. This is confirmed by using the Kolmogorov-Smirnov statistics test, as detailed in our
published work (76). Importantly, we found the same behavior in all our simulations for fixed ends
lattices, irrespective of the exact pushing location (on the seam, on a PF, away from the seam). We
thus concluded that this simulation setup is unlikely to be a good representation of the behavior of
MT lattices during in vitro severing. This failure could be due to something as simple as finite-size
effects or as serious as the probing of the wrong mechanism. To investigate the first scenario, we
probed the mechanics of longer lattices.

The right panels in Figure 4 show our results for a typical run where we investigated the “wedge”
action of a severing enzyme on a longer region of a MT filament with only the minus end fixed,
which mimics the presence of the centrosome. The removal of the constraint at the plus-end of the
filament in essence allows us to probe the response of a filament longer than 50% compared to the
filament from Figure 4A. Namely, the cantilever sphere pushed, as depicted in Figure 4D, on the
seam of a MT lattice with 12 dimers in each PF (MT12) with the plus-end kept freely fluctuating.
Similar to our above results, we found an initial harmonic bending behavior (Figure 4F). Further
increase in the applied force to 0.350 nN leads to the breaking of the lateral interactions keeping
PFs 1 and 13 joined at the seam. Unlike our above results for indentation on lattices with both
ends fixed, in this time the loss the lateral interface leads to the displacement of these two PFs
with respect to each other: one PF gets translated by the length of a full subunit with respect to its
former neighbor. Equally important, in this type of simulations we found only very limited breaking
of longitudinal interfaces between tubulin subunits occurring only near the fixed minus end of the
filament. The degree of breaking of the lattice is depicted in the simulation snapshot from Figure 4D.
Comparison of the distribution of bending angles for the MT12 lattice in our simulations with the
distribution arising from in vitro severing experiments using katanin p60 (84) (Figure 4E) shows that
the two distributions are almost indistinguishable. These results allowed us to conclude that wedging
is crucial for the severing of MTs by katanin p60 in in vitro experiments and that it is likely to follow
the pathways for radial compression of MTs with the plus end free. For example, we would predict
that intermediate conformations populated during the severing of the lattice would correspond to
states such as the one depicted in Figure 4D. Indeed, this type of conformation resembles severing
intermediates recently found in TEM-based experiments of MT severing (85).

To probe the proposed “unfoldase” mechanism of action of severing enzymes on MT filaments,
we followed the bending and breaking of MT lattices of increasing lengths under the action of pulling
forces applied using a constant loading rate regime, following the approach detailed in the Methods.
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Figure 5 depicts our main findings for the simulations that led to the most distinct responses of the
lattice (74).

Figure 5. Results of molecular pulling studies of MT lattices. (A) Final stage of pulling on the central subunit
from the upper surface of a MT lattice with 8 dimers in each PF and the ends of the lattice kept fixed. The

pulled C-terminal ends are depicted as a small red sphere for α-tubulin and a small blue sphere for β-
tubulin. The dimensions of the lattice (filament length and diameter) are listed, (B) the distribution of
bending angles from this type of simulation (magenta) versus angles obtained during in vitro severing

experiments (black), and (C) the evolution of the force acting on the lattice versus time; (D) Final stage of
pulling on the 4 subunits from the top 3 neighboring PFs located on the upper surface of a MT lattice with
16 dimers in each PF and the ends of the lattice kept fixed, (E) the distribution of bending angles from this
type of simulation (magenta) versus angles obtained during in vitro severing experiments (black), and (F)

the evolution of the force acting on the lattice versus time. Data from reference (74).

The left panels in Figure 5 show our results for a typical run where we modeled the unfoldase
mechanism for severing as the action of a single enzyme, which is believed to act only on a single
subunit from a MT filament at a time. Namely, following our above work probing the wedge action,
we pulled the C-terminal ends of the monomers from a single subunit from a short MT lattice with
both ends kept fixed, as depicted in Figure 5A for pulling on the middle dimer on the upper surface
of a MT lattice with 8 dimers in each PF (MT8). The first event, corresponding to the first peak
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force of 0.150 nN from Figure 5C, was the unraveling of the pulled C-terminal ends. Further increase
in the applied force to 0.300 nN leads to the breaking of the contacts between the pulled dimer
and its two lateral neighbors. This is closely followed by the loss of the interface between the pulled
dimer and one if its two longitudinal neighbors in the PF, leading to the pulling of the resulting PF
fragment away from the filament as depicted in Figure 5A. Comparison of the distribution of bending
angles for the MT lattice in our simulations with the distribution arising from in vitro severing
experiments using katanin p60 (84) (Figure 5B) shows that the two distributions are drastically
different. Importantly, unlike for the “wedge” mechanism, we found the same behavior in all our
simulations for pulling on a single subunit irrespective of the length of the MT filament and the
conditions used for the ends of the filament. The only slight improvement in the agreement between
the bending progression in simulations and in severing experiments was when we simulated the
pulling of a single subunit next to specific lattice defects (74). We thus concluded that this simulation
setup is unlikely to be a good representation of the behavior of MT lattices during in vitro severing.
Because, as discussed, we ruled out finite-size effects as a possible explanation for this failure, we had
to assume that the failure was likely due to the probing of the wrong mechanism. To investigate an
alternative unfoldase scenario, we probed the action of multiple enzymes acting on multiple subunits
from a lattice.

The right panels in Figure 5 show our results for a typical run where we modeled the unfoldase
mechanism for severing as the concerted action of multiple enzymes, with each severing protein
acting on single subunit from a MT filament at a time. In Figure 5D we depict an important
intermediate corresponding to the action of 4 severing enzymes acting on 4 tubulin dimers located
on 3 neighboring PFs from the upper surface of a MT lattice with 16 dimers in a PF (MT16) with
ends fixed. This state corresponds to the unraveling of the pulled C-terminal ends of the 4 dimers
and the loss of extensive lateral interfaces in the filament. The forces, per enzyme, required to reach
this intermediate reported in Figure 5F are similar in magnitude to the ones obtained for the single
enzyme acting alone on a subunit from Figure 5C. Despite of this agreement, the distribution of
bending angles experienced by the MT lattice as a result of the concerted action of these 4 enzymes
is substantially different from the one above for the single enzyme acting alone. Importantly, as
shown in Figure 5E, this new distribution is getting closer to the experimental distribution. Thus, we
concluded that if the severing mechanism includes an unfoldase component, then this corresponds
to the concerted action of multiple enzymes acting on subunits from neighboring PFs.

Conclusions

Our simulations of Clp-mediated unfolding and translocation of model SPs indicate the strong
effect of local topology near the SP C–terminal (39, 40). Whereas unfolding of both HBP and the
α/β protein proceeds from the C–terminal engaged by ClpY and translocation occurs through a
power stroke mechanism, we find topology-specific remodeling aspects. Fast unfolding time scales
are observed for the α-helical structure of HBP as a result of the soft mechanical interface probed
compared with the longer time scales of the α/β protein that presents a stronger interface. In
addition, unfolding pathways are consistent with the mechanical anisotropy properties of the SPs.
Clp-mediated remodeling is distinct from bulk mechanical pulling due the ability to apply
mechanical force along diverse SP mechanical directions and due to the entropic barrier presented
by the narrow central pore. Nevertheless, our simulations of tandem I27 SPs reveal that unfolding
in restrained geometries or of multidomain SPs in unrestrained geometries may result in stringent
selection of mechanical interfaces probed and corresponding pathways.
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Our investigations into the two main proposed MT severing mechanisms revealed that from the
fit of the mechanical response of the lattice resulting from simulations to the response from in vitro
severing experiments the “wedge” mechanism for relatively long MT lattice fragments is the only
one that fully accounts for the experimental findings (76). In contrast, an “unfoldase” mechanism
relying on the action of a severing enzyme on a single tubulin subunit at a time is not realistic. Still,
our study shows that an “unfoldase” action can be part of the severing mechanism, but only if it
corresponds to the concerted action of multiple enzymes acting on subunits located in neighboring
PFs (74). A careful investigation into the common factor between the response of a MT filament to
the two plausible severing actions, i.e., either to indentation (“wedge”) or to multiple point pulling
on neighboring PFs (“unfoldase”) revealed that in both cases the force application always leads to the
bending and breaking of multiple neighboring PFs. This is unlike the pulling action of a single enzyme
or of multiple enzymes acting on distant PFs when only the individual pulled PF(s) undergoes
bending and breaking. We thus concluded that a requirement for severing is that the mechanism must
correspond to the bending and breaking of multiple neighboring PFs.

In summary, our review illustrates the versatility of multiscale simulations in probing SP
remodeling mediated by AAA+ nanomachines. Alternative approaches that couple conformational
pathways and the effect of local mechanical perturbation of protein structure provide complementary
information of these complex mechanisms. For instance, investigation of large–scale conformational
transitions of the GroEL chaperonin using an elastic network model–based approach reveals the
strong directionality of the generating force applied near the ATP–binding site (86).

Computational Methods

Simulations of ClpY-Mediated Unfolding and Translocation of Model SPs Coarse-Grained
Models of ClpY–SP Systems

Coarse–grained descriptions of the ClpY–SP systems represent each amino acid as a single bead
located at the Cα atom position (87). In the studies of the four–helix bundle protein (HBP) (77)
and the α/β model proteins, we distinguish three amino acid types, hydrophobic (B), hydrophilic
(L), or neutral (N) (88). We use the CHARMM molecular modeling program (89) to perform
coarse–grained Langevin dynamics simulations of these systems. Interaction parameters for HBP,
which has 73 amino acids and comprises four identical helices connected by three identical loops,
were obtained by Guo and Thirumalai (88) and those for the α/β protein, which has 56 amino acids
and comprises two β–hairpins and a central α/β–helix, by Sorenson and Head-Gordon (90). The
interaction potential is

Here, the bond–length potential is , the bond–angle potential is
with , , , , and

. The dihedral angle potential is
. We used

secondary structure–specific parameters for each SP. For HBP, dihedral angle potentials for helical
regions had A = 0, B = C = D = 1.6 and for turn regions A = B = D = 0 and C = 0.2 . For
the α/β protein, for helical regions A = 0, B = C = D = 1.2 for turns A = B = D = 0, C =
0.2 and for β-strands A = 0.9 , C = 1.2 , B = D= 0. For HBP, the non–bonded potential
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is where rij is the residue–residue distance.

Here, and , for i = j = B, and
for i = {L, N} and j = {B, L, N} (effective repulsive interaction) (91). For the α/βprotein,

with S1 = S2 = 1 for BB, S1 = 1/3, S2 = -1 for BL and
LL, and S1 = 1, S2 = 0 for BN, LN, and NN pairs (90, 92). The C-terminal SsrA peptide tag SsrA
(sequence AANDENYALAA) is modeled using turn parameters. Langevin dynamics simulations
with a friction coefficient of 1 ps-1 and time step of 25 fs are performed at T ≈ 0.7 Tf (HBP, α/β) or
T ≈ 0.9 Tf (α/β), where the folding temperature of HBP (α/β) is Tf = 440 (260) K.

ClpY Allostery

Conformational transitions of ClpY subunits associated with allosteric cycles are modeled using
the generalized constant velocity method (91). To this end, ClpY structures corresponding to the
“open” and “closed” pore configurations, with Protein Data Bank (PDB) ID 1DO2 and 1D0,
respectively (5), are best fitted to minimize their root–mean–square deviation. Each ClpY hemicycle
is described through three sequential transitions consisting of two adjacent subunits moving between
their conformations in the open and closed pore states and four “inactive” subunits being maintained
in fixed conformations. In this approach, each amino acid bead of “active” subunits moves at a
constant velocity. In the initial configurations, the HBP–SsrA (α/β–SsrA) SP is located on the
proximal side of ClpY, aligned with the pore axis (selected as the z–axis), at a distance of 8 Å from
the pore surface. The duration of each simulation trajectory is 50 τ, where τ is the cycle duration.
Trajectories that result in partial SP translocation are extended for an additional 70 τ while including
a harmonic restraint with spring constant of k = 0.5 kcal/(mol Å2) and equilibrium length of 6.5 Å
for translocated amino acids (z - <zloops> 14.5 Å).

ClpY-SP Interaction Potential

We model interactions between amino acids of ClpY or SsrA and of the folded SP domains by
using scaled intra–SP domain interactions such that VGi;Hj = λGi;Hj VHi;Hj , where G = {ClpY,
SsrA}; H = {SsrA, α/β , HBP} and ij = {B, L, N}. For the SP we use λSsrA,HBP = λSsrAB;SsrAB
= 0.25, λSsrAL,SsrAL = 1. For ClpY we assign λClpYB,H = 2.0 for hydrophobic amino acids on the
distal surface to preclude reversal of SP translocation. For the active subunits, we assign stronger
(weaker) interactions, λClpYB;H = 1.5 (1.0), of central channel loops with the hydrophobic beads of
the SP during the closing (opening) transitions. The strength of the ClpY-SP interaction corresponds
to a pulling force on the order of 100 pN as determined for the AAA+ motor PilT (93). All other
interactions have λClpY,H = 1.25.

Coarse-Grained Model of ClpYΔI-I27 SP

ClpYΔI Configurations

We performed coarse-grained simulations using three fixed ClpYΔI conformations to represent
the open pore and two partially closed pore states. We use the crystal structure with PDB ID 1DO2 to
represent the open pore configuration (5). In partially closed states the con-formations of two (four)
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subunits are obtained from the crystal structure of the closed pore state with PDB ID 1DO0 (5),
whereas the remaining subunits have open-state conformations. ClpYΔI is modeled through removal
of the auxiliary I-domain (residues 111-242) and the SP consists of I27-(SsrA)2 (unrestrained
geometry) or (SsrA)2-I27-(SsrA)2 (restrained geometry). The native conformation of I27 is obtained
from the crystal structure with PDB ID 1TIT (94) and SsrA is described as an unfolded chain.

Interaction Potential of ClpY-I27 SP System

We use the Cα Gō–model developed by Karanicolas–Brooks (KB) (95, 96) to describe I27
interactions. In this model the interaction potential between native pairs is:

with rij equal to the distance between particles i and j and are the distance (energy) of
the minimum potential. Inter–molecular and SsrA–I27 or SsrA–SsrA interactions are modeled as
repulsive with and . We use the CHARMM software (89,
97) to perform Langevin dynamics simulations with friction coefficient of 0.1 ps-1 at T = 0.7 Tf ,
where Tf = 288 K for I27 (98).

Mechanical Pulling of the SP

Initial SP orientations are prepared by aligning the tandem I27 along the direction of the ClpY∆I
pore axis and applying successive 45 rotations. Constant velocity pulling is applied at the C–terminal
through a harmonic potential. In the restrained geometry, we apply an N– terminal opposing force of
100 pN and a harmonic cylindrical restraint C(r) = kc r2 where kc = 100 kcal/(mol Å2) is the force
constant and r is the axial distance.

Implicit Solvent Model Simulations of ClpYΔI-SP

Initial Configuration of the ClpYΔI-SP System

We performed atomistic simulations of the ClpYΔI-SP system by using the EEF1 implicit
solvent model (99, 100). The implicit solvent approach is computationally efficient and it can access
long effective time scales that are relevant for large–scale conformational transitions (101, 102). We
also note that EEF1 is a transferable force field which yields results in good agreement with those
obtained using explicit solvent representations of the GroEL-rhodanese system (103). SPs comprise
tandems of 1, 2, or 4 titin I27 domains and an (SsrA)2 degradation tag fused at the C–terminal,
in the unrestrained geometry, or at each terminal in the restrained geometry. The double–length
degradation tag enables us to avoid bias in the initial configuration through the larger separation
between ClpY and the I27 domains. In the initial configuration, the multidomain SP is located on
the proximal side of ClpY and it is aligned with the direction of the pore axis. The center of mass
of ClpY is at the origin and the z axis is parallel to the pore axis such that the distal side is in the
positive z direction. The center of mass of the C–terminal I27 domain is located at z ≈ -30 Å and
the degradation tag is partially inserted within the ClpY pore. Distinct equilibrated conformations
of the multidomain SPs are obtained by performing bulk simulations using the crystal structure of
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the human I27 domain with PDB ID 1TIT (94) and a model–built extended conformation of SsrA
and are used as initial configurations of simulation trajectories. Random SP rotations about the z axis
are applied to the aligned tandem SPs to avoid bias in the polar orientation with respect to the ClpY
surface. Our Langevin dynamics simulations were performed at T = 300 K, with a friction coefficient
of 5 ps-1 and a time step of 2 fs using the CHARMM program (97) and XSEDE supercomputer
resources (104).

Repetitive Cycles of the ClpYΔI Machine

Conformational transitions of individual subunits of the ClpY∆I machine are described by using
the targeted molecular dynamics (105) approach which involves gradual reduction of the root mean
square deviation (rmsd) with respect to the target conformation. This approach yields good results
when motions of the nanomachine subunits can be described by a small number of collective
variables (CVs), as in the case of the GroEL (106–109). The Clp ATPase cycle comprises twelve
sequential transitions of individual subunits in the clockwise direction (as viewed from the proximal
side). Each cycle is initiated from a randomly selected subunit and in each step the center of mass
of the five inactive subunits is restrained. Transitions of each subunit occur between the open and
closed pore conformations, which are described using the Escherichia coli ClpY crystal structures
with PDB IDs 1DO2 (open pore) and 1DO0 (closed).5 In these simulations, the truncated ClpY
nanomachine, which lacks the I domains (residues 111–242), is represented by using two chains per
subunit. During the active hemicycle we apply an external pulling force, in the positive z direction,
on the SP amino acids located within the ClpY. The force is uniformly distributed on the heavy
atoms and its magnitude is distributed on a Gaussian with average 150 ± 10 pN in the unrestrained
geometry or 300 ± 10 pN in the restrained geometry. The opposing force applied at the N–terminal
in the restrained geometry has a constant magnitude of 150 pN.

Modeling the Mechanical Action of Severing Proteins on Microtubule Lattices

The Potential Energy for the SOP Model

We used the self-organized polymer (SOP) model and Brownian dynamics integrated using the
Ermak-McCammon algorithm (110) for all our simulation runs probing the response of MT lattices
to applied forces (73). Our runs were accelerated on graphics processing units (GPUs) using the
gSOP software (versions 1.07 and 2.0) (111). The potential energy function used in the SOP model
(VT ) is the sum of covalent and non-covalent terms: the finite extensible non-linear elastic (VFENE)
potential for the covalent bonds, and the Lennard-Jones potential for the non-covalent, non-bonded
interactions (VNBATT and VNBREP).
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Here each amino acid is represented by its Cα position, is the strength of the native contacts
in the lattice, k = 20.0 kcal/mol Å2, R0 = 2.0 Å, ri;i+1 is the 3 dimensional distance between
positions i and i + 1 in the chain for i = 1, 2,…, N, where N is the total number of residues, while
rij represents the distance between two residues, i and j with rij0 being its corresponding value in the
initial structure. For the non-bonded part of the potential energy, we considered two residues i and j
where | i – j | > 2 to be in contact if their Cα positions are within a cut-off of Rc = 8.0 Å; inside the
cutoff distance, Δij = 1 and outside it is zero. Finally, we used and .

Parameterization of the MT Lattices for the SOP Model

In our simulations we modeled MTs comprised of 13 PFs with varied numbers of dimers per PF
(8, 12, and 16) to account for any finite-size effects. We started form a single ring of 13 dimers based
on the atomistic structures for sets of PFs (112, 113), which we subsequently duplicated and placed
longitudinally, oriented from the α (minus) to the β (plus) end, until we reached the appropriate
dimer length (75, 76, 114).

To determine the contact strength in the Lennard-Jones potential, , we used a parametrization
approach based on running extensive atomistic molecular dynamics simulations in implicit solvent,
which are described in detail in our previous work (75, 114). Consequently, we set to 1.9 kcal/mol
for the strength of the intra-dimer contacts, 1.0 kcal/mol for the longitudinal contacts, and 0.9 kcal/
mol for the lateral contacts. Importantly, as discussed in our prior work (76), we found that these
values of the interaction strengths are also in agreement with the results of atomistic simulations in
explicit solvent (115). Moreover, we found that the distribution of forces leading to the break and
collapse of various MT lattices, modeled using these parameters, under indentation closely resembles
the forces reported from AFM experiments carried out on MTs (75, 76, 114).

Simulation Setup and Analysis

For the study of pulling on a MT lattice, we applied point forces on selected residue(s) from the
C-terminal regions of the monomers from tubulin subunits (the β-tubulin and the α-tubulin) at a
speed of 2.0 μm/s, which is the speed used in AFM indentation experiments (69) and thus the speed
used in our MT indentation simulations. To study the effect of enzyme concentration in the severing
action, we applied forces either to a single tubulin unit or to multiple subunits located on neighboring
PFs (see Figure 5A and, respectively, Figure 5D). In the simulations mimicking the concerted action
of multiple enzymes, we pulled on multiple subunits from neighboring PFs. We chose the subunits
such that they were separated by a distance longer than twice the diameter of the katanin hexamer
(53) to mimic a set-up where actual multiple hexameric enzymes have enough space to bind at the
same time on the MT lattice. In all simulations, the pulling direction was perpendicular to the long
axis (Z-axis) of the MT lattice and away from the outer surface of the filament (74).

For the study of indentation on MT filaments, we used a rigid sphere with radius Rtip = 10 nm to
represent the cantilever. Importantly, the size of the sphere was similar to the diameter of the newly
solved structure of the katanin hexamer (53). Following AFM experiments, we set up the pushing
simulations such that the cantilever induced fracturing of the MT at a speed of 2.0 μm/s (69). For
consistency, we used the same speed in our pulling simulations. We ran two types of indentation
simulations: one, similar to the AFM set-up, where the MTs rested on a plate, and the second where
the MTs were simply held fixed at one or at both ends, to mimic the cytosol. For the indentation runs
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we set the interactions between the positions in the MT filament and both the plate and the cantilever

to only the repulsive part of the standard Lennard-Jones potential, .
Here , is the distance between the center of the sphere representing
the tip and an amino acid, and ri is position of the i-th particle. The cantilever spring constant was ks
= 50 pN/nm, following the choice from AFM experiments (76).

In our simulations, carried out at 300 K, we used an integration timestep of 40 ps, corresponding
to a unitless friction coefficient for an amino acid in water, ζ= 50.0. The calculation of the timestep
was based on h = 0.16 given that and as in our previous work
(75). We selected frames in our plots corresponding to 40 μs. To probe the mechanical response
of MT lattices under various conditions of force application and to mimic various experimental
conditions, we ran multiple trajectories where we varied the point of contact with the MT lattice, the
constraints at the ends of an MT filament, and in the presence or absence of a plate such as the one
included in AFM indentation experiments.

For data analysis of the simulation runs we focused on the force versus frames, the force-
extension curves, the force-indentation curves, the time evolution of contacts for dimers in a lattice,
and the evolution of the bending angles for an MT lattice. Finally, we also compared and contrasted
our distributions of bending angles from the pulling and the indentation simulations with the
distribution of kinking angles obtained from in vitro severing experiments (74, 76, 84). We use Visual
Molecular Dynamics (VMD) (116) for molecular graphics within each figure.
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	Figure 4. 2D exchange spectrum at 208 K of (left) methylene carbons in pure PIB with a 2 s mixing time; (right) methylene carbons of PIB in a 50:50 blend with PEB-66 using a 100 ms mixing time. Slices through the 65-ppm trans-gauche peak are shown on the top axis, and within the signal-to-noise limits, exhibit the same features. Reproduced with permission from reference 25. Copyright 2003 American Chemical Society.
	Figure 5. CODEX experiment pulse sequence applied under conditions of MAS. The value of the exchange mixing time tm typically ranges from 10-1000 ms, depending on the value of the 13C T1 and the timescale of interest. The total CSA evolution time corresponding to the sum of the first and second recoupling period can be varied or held fixed, depending on the desired outcome, with typical values for the amorphous polyolefins discussed here ranging from 0.5 - 4 ms.
	Figure 6. Example 13C CODEX spectra for (a) pure PEB66 at 225 K, (b) aPP/PEB66 50/50 wt. % blend at 250 K, and (c) pure aPP at 274 K. Solid line is the reference spectrum S0, whereas the dashed line corresponds to the exchange spectrum (S) obtained with mixing time = 50 ms. Reproduced with permission from reference 33. Copyright 2008 American Chemical Society.

	Temperature-Dependent Results
	Figure 7. Normalized exchange intensities E(T) for methyl and methylene signals of pure PEB66 and pure aPP. The solid lines are fits using the Arrhenius temperature dependent model with log-Gaussian distributions to methyl data points as in reference 32 whereas the dash-dot lines are drawn through the methylene experimental points only to guide the eye. For reference, the Tg ranges via DSC are shown at the top of the figure. Reproduced with permission from reference 33. Copyright 2008 American Chemical Society.
	Figure 8. Normalized exchange intensities E(T) for pure PEB66 (o), PEB66 in the blend (•), pure aPP (◻), and aPP in the blend (■). The smooth lines are fits to the data using an Arrhenius model as described in reference 33. Note shifts of equal but opposite magnitude for each component upon blend formation, but a lack of complete convergence to a common temperature for the exchange intensity maximum of each polymer in the blend. The 5K/min scan DSC Tg range for each polymer and the blend is plotted for reference on the top of the figure, with the box length representing the beginning and end of the endotherm. Reproduced with permission from reference 33. Copyright 2008 American Chemical Society.
	Figure 9. Normalized exchange intensities E(tm) for a) pure PIB (•) and PIB in the blend (o), and b) pure hhPP (■) and hhPP in the blend (◻). Note the common exchange maximum temperature T=246 K for each polymer in the blend (left arrow) and the Fox equation prediction (right arrow). The smooth lines are fits to the data as described in the text and in more detail in reference 34. Reproduced with permission from reference 34. Copyright 2007 American Chemical Society.
	Figure 10. Correlation time distributions for individual polymer components in the miscible hhPP/PIB blend as described in Reference 34, at the temperature of maximum exchange intensity E(T)max, showing the same central correlation time value τc but largely different correlation time distribution widths σ. Reproduced with permission from reference 34. Copyright 2007 American Chemical Society.
	Figure 11. Discrete version of log-Gaussian correlation time distribution for aPP, with different widths σ following a linear temperature dependence σ(T) = a kBT + σ0, at key temperatures previously shown in Figure 5. Each distribution is centered at τc and consists of 17 points equally spaced over approximately 6 decades. (a) pure aPP at 260K, (b) pure aPP at 273K, (c) pure aPP at 286K, (d) aPP in blend at 230K, (e) aPP in blend at 253K, (f) aPP in blend at 273K. The σ = 0.2 distribution (c) was scaled by 0.33 to allow comparison with the other temperatures. Reproduced with permission from reference 33. Copyright 2008 American Chemical Society.
	Figure 12. Temperature dependence of correlation time distribution widths for pure versus blended aPP and PEB66. Reproduced with permission from reference 33. Copyright 2008 American Chemical Society.

	Correlation Time Distributions
	Figure 13. Temperature dependence of correlation times obtained using Arrhenius and WLF models. The WLF parameters for pure aPP were: C1 = 15.5, C2 = 41 K, τ(Tg) = 100 s, Tg = 259 K, whereas for aPP in blend Tg = 237 K was used. For pure PEB66 we used C1 = 15.5, C2 = 55 K, τ(Tg) = 100 s, Tg = 210 K, and the best fit for PEB66 in blend was obtained with C2 = 68 K and Tg = 224 K. An Arrhenius model can be treated as linear approximation to the WLF curve, since both Arrhenius and WLF models give similar results over the temperature range for slow motions near Tg. Reproduced with permission from reference 33. Copyright 2008 American Chemical Society.
	Figure 14. Comparison of fits to the aPP exchange data obtained using two different models: (1) Arrhenius temperature dependence of correlation times with variable-width log-Gaussian distribution, and (2) WLF temperature dependence combined with KWW distribution. The WLF/KWW parameters for pure aPP were C1 = 15.5, C2 = 41 K, τ(Tg) = 100 s, Tg = 259 K, β = 0.8, whereas for aPP in blend Tg = 237 K and β = 0.2 was used. Reproduced with permission from reference 33. Copyright 2008 American Chemical Society.
	Figure 15. Normalized 200-ms exchange intensity E(T) curves for the pure components and the same components measured independently in the blend. The solid lines are fits to the data using an Arrhenius model with a variable-width log-Gaussian correlation time distribution. The dashed lines are fits to the data using the WLF/KWW model. The thick gray lines at the top of the figure indicate the 10 K/min DSC Tg range for the two pure polymers and the miscible blend. Reproduced with permission from reference 41. Copyright 2010 American Chemical Society.
	Figure 16. Temperature dependence of correlation times obtained using Arrhenius (points) and WLF (smooth line) models. The WLF parameters for pure PI were: C1 = 18.2, C2 = 32 K, τ(Tg) = 10,000 s, and Tg = 200 K, whereas for PI in blend C2 = 41 and Tg = 212 K was used. For pure PVE , C1 = 19.2, C2 = 42 K, τ(Tg) = 10,000 s, Tg = 248 K, and the best fit for PVE in the blend was obtained with C2 = 48 K and Tg = 220 K. Note the close agreement for each model in the lower temperature regions consistent with segmental dynamics, but as expected, the Arrhenius fits diverge at high temperatures. In the WLF/KWW fits, the KWW β parameters for pure PI, blend PI, pure PVE, and blend PVE were 0.33, 0.33, 0.65, and 0.46, respectively. Reproduced with permission from reference 41. Copyright 2010 American Chemical Society.
	Figure 17. Calculated segmental friction coefficients using the central correlation time constants τc obtained from the WLF/KWW model fits to the CODEX exchange intensity data in Figure 15. The relationship ζ= τckBT/b2 was used for the calculations, where b = 1.1 nm is the characteristic segment length for reorientation. The temperature range for the experimental data used to generate the curves is 196 K – 286 K. Reproduced with permission from reference 41. Copyright 2010 American Chemical Society.

	Configurational Entropy Contributions to Mixing
	Figure 18. Calculated values of the ratio of the total configurational entropy in the miscible blend to the sum of the pure component entropies (Sc Blend / Sc Pure), expressed in percent, versus the position on the exchange intensity curves shown in Figure 8 moving from low to high temperature. Each trace represents a calculation across the entire temperature range of the curve.
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	Conformational Characteristics of Polypeptide Chains with Special Focus on the α-Helix-Sense Inversion
	Introduction
	Configuration- and Conformation-Dependent Properties of Synthetic Polypeptides
	Structural Characteristics of Polypeptide Chains
	Figure 1. Configurational characteristics of the poly(α-amino acid) chain.
	Figure 2. Ramachandran energy contour map derived for the L-alanine model. Reproduced with permission from reference 24. Copyright 1967 Elsevier.
	Figure 3. The stereochemical structure of PBLA. For an illustrative purpose, a side chain extending from the r-α-helical backbone (like many other L-polypeptides) is shown in the all-trans arrangement.

	Solution Properties of Synthetic Poly(α-amino acid ester)s Such as PBLG, PBLA and Their Homologs
	Figure 4. Structural features of PPLA and PBLG.
	Figure 5. Schematic representation of phase diagrams of ternary mixtures such as (1) PBLG/DCE/DCA, (2) PBLA/CHCl3/DCA, and (3) PPLA/CHCl3/TFA. Shown as a function of acid concentration and temperature, polymer concentrations being kept about 1% in all mixtures. R: r-α-helix, L: ℓ-α-helix, C: random coil.

	Stiffness of the α-Helical Configuration and Formation of Lyotropic LC Mesophase
	Figure 6. Experimental phase diagrams observed under a polarizing microscope for (a) PBLG dissolved in mixtures of DCE/DCA (20/80, w/w) and (b) PPLA in CHCl3/TFA(97/3, w/w). I: isotropic phase, LC: LC mesophase, B: I + LC. Filled circles indicate phase boundaries LC/B and B/LC, and open circles those separating r- and ℓ-helical states.
	Figure 7. A series of phase transitions and the spatial configuration of PPLA in respective phases observed in the ternary system PPLA/ CHCl3/ TFA (cf. Figures 5 and 6). Data from reference 34.

	Elucidation of the Side-Chain Conformation in the LC State
	DNMR Technique and Liquid Crystallinity
	Figure 8. Schematic representation of PPLA and the definition of inclination angle θ for a given β-CD bond. The quadrupolar splitting ΔνβR varies from (a) r-α regime to (c) ℓ-α regime at the transition. In the intermediate region (b), both spectra coexist. Reproduced with permission from reference 34. Copyright 1998 John Wiley and Sons.
	Figure 9. Plot of the ratio ΔνβR/S against temperature: observed in the lyotropic LC environment in TCE (25 vol %). Symbols r and ℓ represent the screw sense of a-helix. Shown in the inset is the variation of S near the transition range. Reproduced with permission from reference34. Copyright 1998 John Wiley and Sons.

	Conformational Analysis of Side Chains in the Nematic Environment
	Mechanism of the Screw-Sense Reversal in Highly Hydrogen-Bonded α-Helical Networks
	Zipper Model – Statistical Mechanics of the Transition
	Scheme 1. Schematic representation of the zipper-type process. Parameter σ represents the instability inherent to the transition site i.e. the ℓ/r junction.
	Figure 10. (a)Transition curves calculated for various values of n, with σ being fixed at 0.001, and (b) Transition curves calculated for various values of σ, with n being fixed at 300. Reproduced with permission from reference 51. Copyright 2010 Elsevier.

	Examination of Experimental Data on PPLA
	Figure 11. Comparison of theory and experiment for the helix-sense inversion of PPLA observed in the LC state. The transition enthalpy ΔHc estimated from the best fit curve is 2.42 kJ mol-1. Reproduced with permission from reference 51. Copyright 2010 Elsevier.

	The Helix-Sense Inversion in the Bulk Solid State
	Phase Transitions Accompanying the Rewinding of the Helical Backbone
	Clapeyron Analysis of PLAs by Using a Polarizing Optical Microscope (POM)
	The Effect of Pendant Side Chains on the Phase Behavior of PLAs
	Figure 12. Variation of the helix-helix transition point Ttr (●) for a series of PLAs. Also shown are synchronized transformation of crystal systems: H, T, and O respectively represent hexagonal, orthorhombic, and tetragonal packing. Th (○) indicate the outset of the hexagonal phase on heating. Reproduced with permission from reference 58. Copyright 2012 Elsevier.
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	Broad Concepts from Polymers Applied to Protein Data
	Available Protein Data
	Figure 1. Historical growth of protein sequences and structures. Both axes are logarithmic base 10 scales, (left, blue for the structures and (right, green for the sequences). The number of sequences far exceeds the number of structures.

	Relationship between Protein Sequence and Structure
	Coarse-Graining
	Empirical Protein Contact Energies
	Figure 2. Empirical Protein Contact Energies from Counting Amino Acid Contact Types. A is acidic – charge, B is basic + charge, P is other polar, H is hydrophobic. Data from reference 13.

	Empirical Protein Contact Entropies
	Figure 3. Protein Contact Entropies Derived from Counts of Amino Acid Contact Changes in Matched Pairs of the Same Structure in Different Conformations. Data from reference 16.

	Testing the Empirical Contact Energies Together with the Empirical Contact Entropies
	Correlations in Protein Sequences
	Figure 4. Sequence correlations. The high packing density inside of globular proteins results in strong interdependences among amino acid substitutions. The pairs of amino acids in contact show particularly strong correlations. These correlations mean that the amino acids changing in the sequence are correlated if they are closely interacting in the structure. Correlation means that if one column in the sequence alignment changes, then the other one also changes. This means structures accommodate more changes than those by amino acid similarity alone.

	Improved Sequence Matching for Improved Function Identification
	Figure 5. Supplementing amino acid similarity with additional substitutions reflecting the dense packing within globular proteins. Only the closely interacting pairs are considered in the additional substitutions. At the top is shown a schematic multiple sequence alignment with correlated columns that change in coordination with one another. If one column is changed that the other one also usually changes. The corresponding structure is inspected for the locations of these residue pairs. If these are in contact (strongly interacting) as the blue pair is, then these are added into the new substitution matrix. Otherwise these data are discarded (green pair). It is possible that other more distant correlated pairs may contain information about the allosteric behavior, and we plan on investigating these later.
	Figure 6. Bringing structure alignments and sequence alignments into agreement. Example is shown for sequence and structure matches for two functionally and structurally similar proteins: XMRV reverse transciptase CopG (pdb:4hkq) and Ty3 reverse transcriptase (pdb:4ol8). On the left, the sequence alignment is poor and does not agree with the structure match when the standard amino acid similarity matrix BLOSUM62 is used in sequence matching, despite the fact that the structures match well. But, on the right the sequence alignment when the additional amino acid substitutions found in the correlated pairs of residues are included, which shows agreement between the correspondingly colored parts in the sequence and in the structure.
	Figure 7. Significant Gains in Functional Assignments of Proteins/Genes in comparison with Gene Ontology (GO) Annotations. The more specific and less specific cases are superimposed in this figure. The yellow shows the gains along the branch steps in the hierarchy. The gray indicates the number of cases providing less specific functional assignments. The net gain is shown by the non-overlapping yellow area.

	Disordered Proteins
	Figure 8. Side-by-side comparison of sequence correlations for the structured (blue) and the disordered regions (brown) for 20 proteins taken from the Disprot database. The blue bars are the sequence correlation per residue for the ordered regions, and the brown bars for disordered regions. The x-axis is the name of each protein from the Disprot database. Data on disorder/order are taken from the Disport database in references (2325).
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	Historical Introduction
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	Figure 1. Potential energy of a butane molecule as a function of a dihedral angle. The three minima correspond to transe (t), gauche+ (g+) and gauche- (g-) conformations.
	Figure 2. The conformation of the alkane chain can be described by the set of bond angles (an angle between bond vectors i and i +1) and torsional (dihedral) angles (about bond i) for all bonds of the chain .

	Lattice Models of Proteins
	Figure 3. Hamiltonian walk (path) on a square lattice .
	Figure 4. Hamiltonian circuit on a square lattice .
	Figure 5. Hamiltonian path (left) and Hamiltonian circuit on cubic lattice.

	The Transfer Matrix Method
	Figure 6. The connectivity states (a) and bond distributions (b) for the generation of Hamiltonian circuits within rectangles on the square lattice.
	Figure 7. Illustration of the construction of the transfer matrix for the enumeration of Hamiltonian circuits within rectangles on the square lattice.
	Figure 8. The connectivity states (a) and bond and ends distributions (b) for the generation of Hamiltonian paths within rectangles on the square lattice.
	Figure 9. The connectivity states (a) and bond distributions (b) for the generation of Hamiltonian circuits within parallelepipeds on the cubic lattice.
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	Computational Studies of Mechanical Remodeling of Substrate Proteins by AAA+ Biological Nanomachines
	Introduction
	Figure 1. Translocation of a model α/β protein mediated by the allosteric ClpY pore. (A) Stepped transitions are observed in the contour length of the translocated polypeptide chain as a function of time. Harmonic restraints are applied in the distal region after t = 50 τ. (B) Translocated segment during each cycle has an end–to–end extension (ΔS) commensurate with the axial motion of 1–3 central channel loops. Reproduced under Creative Commons Attribution (CC BY) open license from reference 42.

	Results and Discussion
	Coarse-Grained Simulations of Model Substrate Proteins Highlight Topology-Dependent Remodeling Mechanisms
	Figure 2. Simulations of ClpYΔI-mediated remodeling of I27 tandem SPs. (A). Unrestrained (top panels) or restrained (bottom panels) multidomain SPs with 1, 2, or 4 I27 domains (orange) and (SsrA)2 peptides (gray) in allosteric cycles of ClpYΔI (green and gray). Conserved central channel loops are shown in purple (orange). An axial external force is applied on amino acids transiently located within the pore and an opposing force is applied onto the N–terminal in the restrained simulations. (B) Schematic representation of conformational transitions of ClpY subunits between “open” (green) and “closed” (red) pore configuration. (C) The ClpY cycle is described using 12 clockwise subunit conformational transitions. Each subunit undergoes a transition between its open (green) and closed (red) pore configuration. Reproduced with permission from reference 44. Copyright 2019 American Chemical Society.

	Multiscale Modeling of I27 Remodeling Reveals Role of Interactions with the Clp ATPase Surface and the Effect of Multidomain SPs
	Figure 3. Mechanisms of direction–dependent unfolding of tandem SPs mediated by ClpYΔI. Probability density map of unfolding (QN) and orientation (θ) of unrestrained (A) monomeric (B )dimeric and (C) tetrameric SPs in allosteric cycles of ClpYΔI; (D) unrestrained monomeric SP for the non-allosteric ClpYΔI; Restrained (E) monomeric and (F) tetrameric SPs in allosteric cycles of ClpYΔI. Reproduced with permission from reference 44. Copyright 2019 American Chemical Society.

	Coarse-Grained Modeling of the Mechanical Response of Microtubules Highlights the Specificity of the Action of Severing Enzymes, a Class of AAA+ Proteins
	Figure 4. Results of molecular indentation studies of MT lattices. (A) Final stage of indentation on a MT lattice with 8 dimers in each PF and the ends of the lattice kept fixed. The cantilever-like sphere is represented through the black circle and the dimensions (filament length and diameter) are listed. (B) the distribution of bending angles from this type of simulation (magenta) versus angles obtained during in vitro severing experiments (black), and (C) the evolution of the force acting on the lattice versus time; (D) Final stage of indentation on a MT lattice with 12 dimers in each PF and only the minus end of the lattice kept fixed, (E) the distribution of bending angles from this type of simulation (magenta) versus angles obtained during in vitro severing experiments (black), and (F) the evolution of the force acting on the lattice versus time. Data from reference 76.
	Figure 5. Results of molecular pulling studies of MT lattices. (A) Final stage of pulling on the central subunit from the upper surface of a MT lattice with 8 dimers in each PF and the ends of the lattice kept fixed. The pulled C-terminal ends are depicted as a small red sphere for α-tubulin and a small blue sphere for β-tubulin. The dimensions of the lattice (filament length and diameter) are listed, (B) the distribution of bending angles from this type of simulation (magenta) versus angles obtained during in vitro severing experiments (black), and (C) the evolution of the force acting on the lattice versus time; (D) Final stage of pulling on the 4 subunits from the top 3 neighboring PFs located on the upper surface of a MT lattice with 16 dimers in each PF and the ends of the lattice kept fixed, (E) the distribution of bending angles from this type of simulation (magenta) versus angles obtained during in vitro severing experiments (black), and (F) the evolution of the force acting on the lattice versus time. Data from reference 74.
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	Insights into DNA and Chromatin from Realistic Treatment of the Double Helix
	Introducing the Polynucleotide Random Coil
	Figure 1. Gallery of schematic and molecular images illustrating: (top) chain atoms, rotation angles, virtual bonds (heavy lines), and coordinate axes (dashed lines) along a dinucleotide section of an extended RNA chain (see 2 for definitions of angles κ, ξ, ν relating coordinate frames on virtual and chemical bonds); (middle) chain atoms and virtual bonds (red dotted lines), color-coded by sequence, connecting the centers of successive base-pair planes in the high-resolution double-helical structure of the d(CGCGAATTCGCG)2 dodecamer (PDB ID: 355d) 5; (bottom) DNA (tubes), histone protein assembly (small green cylindes), and transcriptional proteins (gold cylinder and sphere) bound at the ends of a computer-simulated 25-nucleosome chromatin fragment 6.

	Chemical Underpinnings of DNA Double-Helical Structure
	Figure 2. Base-pair level (block) and virtual bond (fine dotted line) depictions of the global features of regular A-, B-, and C-DNA helices (1315) with respective repeats of 11, 10, and 9 base pairs per turn. Note the differences in base-pair inclination, relative exposure of the (dark) minor-groove edges of base pairs, width of the central ‘channel’ (seen in the upper views), and overall DNA extension.

	Protein-Mediated DNA Looping
	Figure 3. Pictorial definitions of the rigid-body parameters used to describe the spatial arrangements of sequential base pairs (left), and a schematic of the geometric parameters used to determine whether a linear DNA segment meets specific end-to-end constraints (right). Here a sampled chain of N base pairs (green blocks) adopts a configuration that approaches the desired geometry (blue block). The end-to-end vector r links the Nth base pair of the simulated chain to that in the perfectly configured chain. Precise chain alignment requires the net bend angle γ between base-pair normals, the end-to-end twist φ, and the components of r to be null.

	Configurational Contributions of DNA to the lac Operon
	Figure 4. Molecular profiles, fractional populations floop, and looping propensities J of simulated 92-bp DNA loops anchored in parallel P and antiparallel A orientations against the Lac repressor protein assembly, as a function of the intrinsic DNA helical repeat . DNA backbone and bases respectively depicted by gold tubes and sticks, individual protein chains by magenta and cyan ribbons. J factors reflect the weighted contributions of all looped forms. Configurations of minimum-energy (top left-to-right) found respectively for imposed helical repeats of 10, 10.5, and 11 bp/turn.

	Nucleosome Spacing and Chromatin Looping
	Figure 5. Variation in the ‘average’ configurations of simulated 15-nucleosome constructs as a function of internucleosomal spacing, i.e., the listed lengths of the intervening deformable, protein-free DNA linkers. DNA pathways (twisted blue ribbons) generated from the mean values of rigid-body parameters between successive base pairs. Histone proteins enclosed within wedge-shaped objects made up of two cylinders (84 Å diameter × 32 Å high), each containing the atoms of one H2A·H2B·H3·H4 tetramer. Color-coding emphasizes the different (two- and three-start) modes of suprahelical nucleosome association.

	Nucleosome-Level Gene Depiction
	Figure 6. Nucleosome-level treatment of chromatin depicting: (top left) cylinders enclosing the core histone proteins (thin gold ribbons), unstructured histone tails (thin blue lines), and embedded coordinate frame, with the positive z-axis running in the 5´-3´ direction of the leading strand along the line from which the base-pair centers are minimally displaced, the positive x-axis pointing toward the viewer and passing through the structural dyad, and the positive y-axis forming a right-handed system; (top right) snapshots of two 300-nucleosome chromatin constructs generated on the basis of internucleosomal ‘energies’ extracted from base-pair level simulations of oligonucleosomes with DNA linkers of 21 or 24 bp (8); (bottom) build-up of the components of the persistence vector (ax, ay, az) at successive nucleosomes Nncp along the same chromatin constructs. The sequential color-coding (red-white) of sampled chains highlights the twofold periodicity found in average constructs. Persistence vector components expressed in the coordinate frame of the first nucleosome.
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	Structure-Property Relationships of Polymers, Unraveled by Molecular Orbital, RIS, and Periodic Density Functional Theory Calculations
	Introduction
	Results and Discussion
	Conformational Analysis of Poly(propylene oxide)
	Figure 1. Observed (above) and calculated (below) 1H NMR spectra of the methine and methylene parts of DMP-d6 (CD3OCH2C*H(CH3)OCD3 in (a) the gas phase at 180 °C and (b) benzene-d6 at 43 °C and (c) DMDO (cis-2,6-dimethyl-1,4-dioxane) in dimethyl-d6 sulfoxide at 80 °C. Reproduced with permission from reference 7. Copyright 1994 American Chemical Society.
	Figure 2. cis-2,6-Dimethyl-1,4-dioxane (DMDO) and definition of JT and JG.

	13C NMR Chemical Shifts of Dimeric Propylene Oxides
	Figure 3. 13C NMR spectra observed from benzene solutions of (a) T-T, (b) H-T, and (c) H-H dimeric compounds of PO. Adapted with permission from reference 9. Copyright 2001 American Chemical Society.

	Refined RIS Scheme
	Figure 4. Schematic illustration of the refined RIS scheme. Adapted with permission from reference 16. Copyright 2007 American Chemical Society.

	RIS Scheme Including Middle-Range Intramolecular Interactions
	Figure 5. Emission spectra observed from dimethyl terephthalate (DMT) and the aromatic polyesters. The number in the figure corresponds to y: 2, PET; 3, PTT; 4, PBT. The solvent was dichloroethane, temperature was 25 °C, excitation was at 286 nm, and the emission spectra are normalized at 324 nm. Adapted with permission from reference 17. Copyright 1988 Elsevier.
	Figure 6. Existing probabilities of conformations of models of (a) PET, (b) PTT, and (c) PBT as a function of the distance (Cg···Cg) between centroids of the benzene rings.

	Inversional-Rotational Isomeric State (IRIS) Scheme
	Pseudoasymmetry for Polyamines
	Figure 7. (a) All-trans forms of poly(ethylene imine) (PEI) and (b) meso (ll) N,N'-dimethylethylenediamine (di-MEDA) and (c) racemo (ld) di-MEDA. Adapted with permission from reference 22. Copyright 2004 American Chemical Society.

	Nitrogen Inversion and Inversional-Rotational Isomerization
	Figure 8. Nitrogen inversion of di-MEDA: (a) meso ttt conformer; (b) transition state; (c) racemo ttt conformer. Reproduced with permission from reference 22. Copyright 2004 American Chemical Society.
	Figure 9. Inversional (solid line) and rotational (dotted line) isomerizations around the CH2-NH bond of di-MEDA. Adapted with permission from reference 22. Copyright 2004 American Chemical Society.

	Statistical Weight Matrices of Meso and Racemo Forms
	Diad Probability and Bond Conformation
	Characteristic Ratio
	Orientational Correlation between Bonds
	Figure 10.  vs. k plots of (a) PEI and (b) P(EI-EO). The percentage represents the hydrogen bond strength (HBS). Adapted with permission from references 25 and 26. Copyright 2006, 2007 American Chemical Society.

	Solubility of Polyamines
	RIS Scheme Combined with Stochastic Processes
	Figure 11. Characteristic ratio of PPC with different regio- (PH-to-T) and stereosequences (Pmeso), calculated from the refined RIS scheme with the Markov stochastic process. Pmeso = 0 and 1 correspond to syndiotacticity and isotacticity, respectively. Reproduced with permission from reference 31. Copyright 2017 American Chemical Society.
	Figure 12. (a) Characteristic ratios of P2HB at 25 °C, calculated with the gas (circle) and DMSO (square) energy sets as a function of (a) the probability (PS) of (S)-monomeric unit of atactic chains generated by Bernoulli trials or (b) the meso-diad probability (Pmeso) based on the Markov stochastic process. Pmeso = 0 and 1 correspond to syndiotacticity and isotacticity, respectively. Reproduced with permission from reference 32. Copyright 2019 American Chemical Society.

	Summary of Our Studies Carried Out So Far
	Figure 13. Intramolecular interactions characteristic of polymers including heteroatoms in the backbone, illustrated for model compounds: (a) C-H…O of poly(propylene oxide); (b) C-H…O of poly(ethylene oxide); (c) nX → σ*C-X (X = O, S, and Se) of poly(methylene oxide), poly(methylene sulfide), and poly(methylene selenide); (d) dipole-dipole interaction of poly(ethylene sulfide); (e) N-H…N of poly(ethylene imine); (f) N-H…N of poly(trimethylene imine); (g) N-H…O of poly(ethylene imine-alt-ethylene oxide); (h) N-H…S of poly(ethylene imine-alt-ethylene sulfide); (i) C-H…O=C and dipole-dipole interactions of poly(ethylene terephthalate); (j) π…π of poly(trimethylene terephthalate); (k) [O…O] repulsion of poly(L-lactide); (l) N-H…O and C-H…O of poly(ester amide). All the interactions except [O…O] of poly(L-lactide) are attractive.

	Structure-Property Relationships of Biodegradable Polyesters
	Figure 14. (a) Crystal structure of PHB depolymerase complexed with a trimeric (R)-3-hydroxybutyrate substrate. (b) Conformations of the skeletal bonds of the substrate and N…O and O…O distances of the hydrogen bonds. Reproduced from reference 44.
	Figure 15. Interactions of (a) PBS with a lipase (Aspergillus oryzae cutinase) and (b) PLA with proteinase K (serine protease) extracted from Tritirachium album limber. Reproduced with permission from reference 45. Copyright 2015 Elsevier.
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