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ABSTRACT Toroidal proteins serve as molecular machines and play crucial roles in biological processes such as DNA repli-
cation and RNA transcription. Despite progress in the structural characterization of several toroidal proteins, we still lack a mech-
anistic understanding of the significance of their architecture, oligomerization states, and intermolecular interactions in defining
their biological function. In this work, we analyze the collective dynamics of toroidal proteins with different oligomerization states,
namely, dimeric and trimeric DNA sliding clamps, nucleocapsid proteins (4-, 5-, and 6-mers) and Trp RNA-binding attenuation
proteins (11- and 12-mers). We observe common global modes, among which cooperative rolling stands out as a mechanism
enabling DNA processivity, and clamshell motions as those underlying the opening/closure of the sliding clamps. Alterations in
global dynamics due to complexation with DNA or the clamp loader are shown to assist in enhancing motions to enable robust
function. The analysis provides new insights into the differentiation and enhancement of functional motions upon intersubunit
and intermolecular interactions.
SIGNIFICANCE Our study provides new insights into the topology-dynamics-function relationships of toroidal proteins,
which underlie their design and machinery. We note that a global rolling movement of torus enables the sliding of b-clamp
with respect to double-stranded DNA, whereas clamshell-like movements facilitate clamp opening/closure in close
agreement with the structural transition experimentally observed in the bacteriophage T4 clamp. We provide a
comprehensive classification of the collective modes based on diverse toroidal systems and show how they are modulated
upon binding of substrates, including clamp loader and DNA/RNA. We also observe that the naturally abundant oligomers
of nucleocapsid proteins and Trp RNA-binding attenuation proteins exhibit the tightest interfaces with the highest
mechanical stiffness among their family members with different oligomerization states, consistent with their resistance to
destabilization.
INTRODUCTION

Toroidal topology is commonly observed in biomolecular
machines associated with DNA and RNA binding and pro-
cessing (1–3), such as sliding clamps, helicases, and Lsm
proteins. Toroidal proteins are made up of two or more sub-
units. Subunits in toroidal oligomers share the same type of
interfacial interactions because of homo-oligomerization
(4). As such, they form an excellent platform for investi-
gating the role of protein-protein associations and subunit
fold/topology in driving functional dynamics (5).
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Fig. 1 displays three common types of DNA-/RNA-bind-
ing proteins, which will form the basis of this study. The first
type encompasses the dimeric and trimeric sliding clamps
(respective Fig. 1, a and b) that increase the processivity
of DNA polymerases during DNA synthesis. The clamps
encircle, and slide along, the double-stranded DNA
(dsDNA), and at the same time, they stay bound to the po-
lymerase so that it can perform continuous replication.
The first clamp structure, b-clamp polymerase processivity
factor determined for Escherichia coli DNA polymerase
III (6), has two b-subunits, each composed of three domains
with identical folds. Thus, it displays a sixfold symmetry,
where 12 a-helices and 6 b-sheets shape the inner and outer
surfaces of the torus, respectively. This b-clamp (designated
as clamp-2) in complex with dsDNA (7) is shown in Fig. 1 a.
DNA polymerase d processivity factor proliferating cell
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FIGURE 1 X-ray structure of toroidal proteins with different oligomeri-

zation states. (a) Dimeric clamp structure (PDB: 3BEP) of the b-clamp po-

lymerase processivity factor from E. coli is shown. (b) Trimeric clamp

(PDB: 6GIS) of human DNA polymerase d processivity factor PCNA is

shown. (c–e) Nucleocapsid protein (NCP) from Rift Valley fever (RVF) vi-

rus in tetrameric (PDB: 4H5P) (c), pentameric (PDB: 4H5O) (d), and hex-

americ (PDB: 4V9E) (e) states is shown. (f) Undecameric (PDB: 1C9S) and

(g) dodecameric (PDB: 2EXT) TRAP (Trp RNA-binding attenuation pro-

tein) from G. stearothermophilus is shown. Subunits are shown in different

colors. The bound dsDNA or ssRNA are rendered in orange stick represen-

tation (in a–f). Black arrows in (c)–(f) point to an example ssRNA molecule

in each structure. To see this figure in color, go online.
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nuclear antigen (PCNA) is another clamp, which is a trimer
of two-domain subunits, similarly with sixfold symmetry.
Fig. 1 b displays the human PCNA (also known as clamp-3)
sliding clamp complexed with DNA (8,9).

Nucleocapsid proteins (NCPs) from Rift Valley fever
(RVF) and Toscana viruses assemble into tori (10,11) in
either free or oligomeric RNA-bound form. A highly
flexible a-helical arm mediates the interactions of each
NCP subunit with the neighboring subunit, leading to
tetrameric (NCP-4, Fig. 1 c), pentameric (NCP-5, Fig. 1
d) and the most commonly observed hexameric (NCP-6,
Fig. 1 e) states. Single-stranded viral RNA (ssRNA) bases
are sequestered by nonspecific binding in a narrow, contin-
uous groove lining the inner surface of the torus (11). This
mode of NCP-RNA binding is highly accommodating for
toroidal topologies as well as nonsymmetric, extended
structures identified in the electron micrograph of the RVF
virus (11,12).

The third toroidal structure is from the Trp RNA-binding
attenuation protein (TRAP). The wild-type TRAP forms an
11-subunit torus (13), which in the presence of Trp binds to
a 53-base-long RNA wrapping around the ring (TRAP-11,
Fig. 1 f). A TRAP composed of 12 subunits (TRAP-12,
Fig. 1 g) has been engineered by removing five C-terminal
residues at the outer side of the intersubunit axis from the
wild-type dodecamer (14).

Molecular dynamics simulations and/or studies based on
elastic network models (ENMs) have been utilized to study
the conformational dynamics of sliding clamps (15–17)
and TRAPs (18,19), the interactions of dsDNA with PCNA
(20) and ssRNAwith TRAP (21), and the interfacial proper-
ties of the b-clamp (22–24). Nuclear pore complex collective
modes have been identified by ENMs in comparison to tori
with uniform and varying mass distribution (25). However,
the global modes that are commonly shared by toroidal pro-
teins and their modifications caused by ligand binding have
not been characterized so far. Although simulations/analyses
of individual proteins provide information on their dynamics
case by case, recent work has demonstrated that a systematic
analysis of families of proteins sharing similar folds provides
deeper insights into their signature dynamics and differenti-
ation among family members (26–28). Another important
aspect of functional speciation is the role of complexation
and oligomerization in acquiring or modifying molecular
mechanisms of motions that lend themselves to biological
function. Yet, current full atomic models and simulations
do not allow for a comparative study of multimeric protein
dynamics because of time and memory limitations. Instead,
we conduct in this study an extensive ENM analysis of the
conformational dynamics of RNA-/DNA-binding proteins,
in RNA-/DNA-bound and -free forms, with diverse oligo-
merization states and toroidal shapes. We utilize ENMs
because of their efficiencies in determining the collective
motions and conformational changes of large structures/as-
semblies governed by the multimeric protein shape/topology
(29–37) while also providing an accurate sampling of the
conformational space, as demonstrated by extensive compar-
isons with ensembles of known structures (resolved for a
given protein, including HIV-1 reverse transcriptase) and im-
plemented in ProDy (38,39). Numerous studies have shown
that ENM-generated global modes of motion are in good
agreement with the principal modes of structural changes
deduced from principal component analysis of such ensem-
bles of structures (38–41). Furthermore, ENM-sampled soft-
est (lowest frequency, highly cooperative) motions have been
shown to agree well with the essential modes sampled in mo-
lecular dynamics simulations, provided that these simula-
tions are long enough or complemented by advanced
sampling algorithms (42–44).

This study provides insights into the structural basis of
functional modes that aid clamp processivity, namely, clamp
sliding and opening/closing. ENMs have also been broadly
used for identifying the interfacial dynamics and allosteric
features of protein complexes and oligomers (45–51). Along
this line, we will focus on the changes in subunit dynamics
upon complexation with oligonucleotides and the mecha-
nistic aspects of subunit interfaces in different oligomeric
states in relation to functional interactions with DNA and
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RNA molecules. Our study will show how the intrinsically
accessible motions uniquely encoded by the toroidal archi-
tecture and oligomerization state are used for enabling or
enhancing the mechanisms of biological functions.
MATERIALS AND METHODS

Structural data

We considered three groups of toroidal proteins, namely, the DNA sliding

clamps, NCPs, and TRAPs (Fig. 1). As structural data for the respective

dimeric and trimeric b-clamps, we used the structures resolved for E. coli

(b-clamps complexed with dsDNA, Protein Data Bank, PDB: 3BEP (7);

and apo, PDB: 1MMI (52)) and human PCNAs (complexed with dsDNA,

PDB: 6GIS (9); and apo, PDB: 1AXC (8)). We also used the b-clamp

from E. coli resolved with a long dsDNA on the polymerase III side

(PDB: 5FKV) (53) for further studies. To this aim, we modeled the long

dsDNA on the other side of the clamp by extending the structurally resolved

fragment to span both sides of the b-clamp. Furthermore, the closed (PDB:

3U61) (54) and open (PDB: 3U60) (54) structures of the trimeric clamp

from T4 bacteriophage, which are both complexed with dsDNA and the

clamp loader (ATP-driven multiprotein machines that couple ATP hydroly-

sis to the opening and closing of clamp around dsDNA), were used to eval-

uate the mechanism of action of the clamp loader. NCP structures used in

our analysis were those from RVF virus in tetrameric (PDB: 4H5P) (11),

pentameric (PDB: 4H5O) (11), and hexameric (PDB: 4V9E) (11) states

complexed with RNA. Finally, for input structures, we used the TRAP un-

decamer from Geobacillus stearothermophilus as the naturally occurring

oligomer (complexed with RNA, PDB: 1C9S) (55) as well as TRAP engi-

neered to form a dodecamer (apo, PDB: 2EXT) (14).

Fig. S1 presents a quantitative analysis of the structural similarities be-

tween the members in different oligomerization states within each of these

three families. Fig. S1 a illustrates the superposition of the dimeric and

trimeric b-clamps, which exhibit a very close structural alignment except

for the loops or disordered fragments between the repeat units. A large

root mean-square deviation (RMSD) (3.8 Å) is calculated between the

two structures because of these segments. Maps in Fig. S1, b and c, on

the other hand, display the RMSDs between all pairs of subunits for the

respective families NCP 4–6 and TRAP 11 and 12. Blocks along the diag-

onal refer to subunit pairs within the same oligomer, whereas off-diagonal

blocks refer to those belonging to different oligomers. The pairwise RMSDs

remain smaller than 1.0 Å in both cases.
ANM and GNM evaluation of collective dynamics

Here, we provide a brief summary on the anisotropic network model

(ANM) (36) and Gaussian network model (GNM) (37) (see earlier work

(56,57) for details). In both ENMs, each amino acid is represented by a

node placed at its Ca coordinate (58,59). For modeling DNA/RNA mole-

cules, each nucleotide is represented by three nodes: P (phosphate group),

C40 (base group), and C2 (sugar group) (58,59). Node pairs within a cutoff

distance (rc) of 15 Å (ANM) or 10 Å (GNM) are connected by springs of

uniform force constant g. Previous comparisons showed satisfactory agree-

ment between theoretical and experimental B-factors using these respective

cutoffs (32,36,58). A cutoff distance of 10 Å connects all neighboring res-

idues within the first coordination shell in crystal structures (60). The higher

cutoff distance in ANM provides better correlations for this three-dimen-

sional (3D) model with anisotropic fluctuations in the x, y, and z directions.

In the GNM, residue fluctuations are isotropic by definition. Thus, the

GNM provides information on the relative sizes of residue fluctuations

and their cross correlations, but not their directions in 3D space. The system

is represented by an N � N Kirchhoff/connectivity matrix, the eigenvalue

decomposition of which yields (N�1) nonzero modes of motion (37),

each characterized by a mode shape (eigenvector, N-dimensional vector
1784 Biophysical Journal 118, 1782–1794, April 7, 2020
of the displacements of the N nodes along the mode coordinate) and a fre-

quency (eigenvalue). 3D motions are predicted by the ANM, which is based

on the decomposition of the 3N� 3N Hessian, using normal mode analysis.

In that case, for a network of N nodes, a 3N� 3N Hessian matrix H is

analytically calculated based on the crystal structure. Diagonalization

of H yields (3N�6) nonzero eigenvalues (lk) and the corresponding

eigenvectors, uk . lk and uk describe the frequency and shape (normalized

distribution of node displacements) along the kth normal mode, respectively.

The modes are indexed in ascending order (1% k% 3N�6) with increasing

frequency. The first nonzero eigenvalue, l1, and corresponding eigenvector,

u1, describe the lowest-frequency mode. The modes with the lowest fre-

quencies are called the softest modes and define the most cooperative or

global motions uniquely defined by the overall architecture. Here, we

focused on the first 20 modes as a reasonable set representing the most col-

lective conformational changes that are often implicated in the functional

dynamics of proteins (27,34). In general, we use the GNM for predicting

mean-square fluctuations (MSFs) and cross correlations because the

GNM is highly robust and efficient (58); we use the ANM for predicting

the mechanisms of motions (e.g., generating videos), which cannot be

deduced from the GNM. All GNM and ANM analyses were performed

using the ProDy package (61) and the DynOmics server (59).
Effect of DNA/RNA or substrate binding, or
multimerization, on dynamics

The envANMmodule of ProDy is used to evaluate the dynamics of a system

(s) in the presence of an environment (e). Here, s is the toroidal protein (e.g.,

b-clamp), and e is the binding DNA/RNA or binding protein (e.g., clamp

loader). Also, for investigating the effect of oligomerization on the intrinsic

dynamics of a given subunit s, we use again the envANMmodule, this time

assuming all ‘‘other’’ subunits to represent the environment e. The pseudo-

Hessian (H ¼ Hss – HseHee
�1Hse

T) describes the dynamics of the system s

in the presence of the environment (57,59,62,63). Here, Hss, Hse and Hee

refer to s-s, s-e, and e-e submatrices of the Hessian H as follows:

H ¼
�
Hss Hse

Hse Hee

�
(1)

Similarly, the pseudo-Kirchhoff matrix G ¼ ½Gss �GseG
�1
ee G

T
se� is used in

envGNM (59).
Pairwise correlation cosines between modes
accessible in different states

The extent of similarity, or overlap, between modes ui and vjis measured by

the pairwise correlation cosine or scalar product ui,vj. Here ui designates the
ith eigenvector of system/state A, and vj designates the j

th eigenvector of B.

Systems A and B can be, for example, the toroidal protein in the absence and

presence of DNA. Given that the eigenvectors are normalized, the correlation

cosine ui,vj varies in the range [�1, 1], the two limits corresponding to fully

anticorrelated (same direction, opposite sense) and fully correlated (same di-

rection, same sense) motions; and ui,vj¼ 0 for uncorrelated movements.

The overlap between two GNM modes is the correlation cosine between

the N-dimensional eigenvectors associated with these modes. Pairwise cor-

relations are conveniently described by overlap matrices in the form of

heat maps, in which the two axes correspond to the mode indices.
Overlap between mode spectra of A and B for
selected frequency windows

The overlap between the first k modes accessible to states A and B is quan-

tified as follows:
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OverlapðkÞ ¼
 
1

k

Xk
i¼ 1

Xk
j¼ 1

�
ui , vj

�2!1=2

; (2)

where the summations are performed over the subspace of selected modes.
Cumulative overlaps between experimental and
theoretical data

Consider the structural change (Dr: deformation vector) between the initial

and final states of the protein, such as the difference between the experi-

mentally determined bound and unbound forms, after optimal superposition

of the two structures. The agreement between Dr and the ith ANM mode

accessible to the initial state is quantified by the correlation cosine (33)

as follows:

SiðexpÞ ¼ jDr , ui j =jDr j : (3)

Si(exp) varies in the range [0, 1] and provides a measure of the contribu-

tion of mode i to the experimentally observed change. The cumulative over-

lap measures how well a subset of low-frequency ANM modes (e.g., k of

them) predicts the change Dr as (39):

CSðkÞ ¼
 Xk

i¼ 1

½Si ðexpÞ�2
!1=2

¼
 Xk

i¼ 1

�
Dr , ui

jDr j
�2
!1=2

;

(4)

where CSðmÞ ¼ 1 for m ¼ 3N�6 for a network of N nodes.
Mechanical stiffness analysis

Mechanical stiffness is computed following the MechStiff protocol

described previously (36,64). The mean stiffness for residue i is calculated

as the average over its effective force constant in response to uniaxial

deformation exerted along (i, j) residue pairs, averaged over all pairs

(1 % j % N). MechStiff analysis permits us to estimate the mechanical

strength of the subunits and interfaces in different oligomerization states.

The calculations were performed using the MechStiff module in

ProDy (61).
Data visualization

The figures and videos were prepared using the DynOmics server (59)

and PyMol package (65). In DynOmics, the structures are successively

deformed along ANM modes to generate the videos, and the energy of

each frame was minimized using CHARMM 36 force field for 700 steps

(66). Plots were prepared using the Python matplotlib library (67).
RESULTS AND DISCUSSION

Toroidal architecture intrinsically favors
cooperative saddle-like bending, rolling, counter
rolling, stretching/contraction, breathing, and
clamshell-like motions of the torus

We first examined the global modes of motion intrinsically
accessible to toroidal proteins. Global modes refer to
the lowest-frequency, usually most cooperative, modes
uniquely defined by each architecture in the absence of li-
gands. Previous studies (16,18,19) have identified certain
global motions for TRAP and the sliding clamps. Here, we
present a more complete comparative analysis of the 16
lowest-frequency modes accessible to each of the toroidal
structures in both unbound and bound (to DNA/RNA) forms
to identify shared mechanisms as well as those unique to
their specific DNA/RNA-binding, subunit packings, or olig-
omerization states. Table 1 presents a summary of global
modes observed for the investigated eight structures, which
are described in detail below and displayed in Video S1.

Among the toroidal multimers examined here, TRAPs are
the most perfect toroidal systems, and their global dynamics
is presented in Fig. 2 and Video S1 as a model/reference for
movements intrinsically favored by the toroidal architec-
ture. These global motions, mainly saddle-like bending,
rolling, counter rolling, in-plane stretching/contraction,
clamshell-like opening/closure, and breathing motions,
also recur with minor alterations in many toroidal structures
(see Table 1).

A closer look at the first (doubly degenerate) mode (k¼ 1
and 2; Fig. 2 a) shows that this mode induces out-of-plane
opposite direction displacements along two perpendicular
directions, resulting in a saddle-like bending in the origi-
nally planar torus (see also Video S1). All three families
exhibit this type of motion, as shown in Fig. S2 and Video
S2 for representative members. Regions colored red un-
dergo bending movements, whereas those colored blue are
practically rigid, and the arrows indicate the direction of
motions. Different families adapt to this global movement
in slightly modified forms; for example, in TRAP-12 and
clamp dimer, the fluctuations are symmetrically deployed
along both directions of the z axis such that the movement
viewed from the top and bottom are almost identical,
whereas in NCP-4, it is mainly confined to the top surface,
with the lower surface serving as a scaffold. Yet the period-
icity of the motion, or the basic four-repeat pattern of red
and blue regions along the toroid, with alternating (up and
down) out-of-plane fluctuations, is shared.

The second class of motion, commonly observed in modes
k ¼ 3 and 4, is an in-plane deformation (stretching and
contraction along perpendicular directions) of the ring,
which distorts the shape from circular to elliptical (see
Fig. 2 d; Video S1). Pairs of modes describing stretching/
contraction are shown in Fig. S3 for representative members
from the other two families of proteins, mainly dimeric
clamp and pentameric NCP. These modes would be twofold
degenerate and lead to cylindrical symmetry if the PDB co-
ordinates were fully symmetric. Like out-of-plane bending,
this motion also contains four stationary wave nodes
(WNs) (19) that consist of a collection of relatively immobile
residues (Fig. S3 a, see the regions colored blue) separating
those (red) moving outward or inward in the toroidal plane.

We also observe the rolling and breathing modes that
have appeared in previous ENM studies on toroidal
Biophysical Journal 118, 1782–1794, April 7, 2020 1785



TABLE 1 Classification of Global Motions and Corresponding Mode Numbers for Toroidal Proteins in the Unliganded (Apo) and

Complexed (with RNA/DNA) Forms

Classificationa TRAP-11 TRAP-12 Clamp-2 (b-clamp) Clamp-3 (PCNA) NCP-6 NCP-4 NCP-5

PDB ID 1C9Sb 2EXTc 1MMI 1AXC 4V9Ed 4H5Pd 4H5Od

1C9S 3BEP 6GIS 4V9E 4H5P 4H5O

Saddle-like bending, 4 WNsf 1, 2 1, 2 1, 2 1, 2 1, 2 1, 13 1e, 2e

1, 2 1, 2 1, 2 1, 2 1, 16 1e, 2e

Stretching-contraction,4 WNs 3, 4 3, 4 3, 4 3, 4 5g, 6g 5 4e, 5e

3, 4 4, 6 4, 5 3g, 4g 3, 11g 3e, 4e

Rolling 5 5 5 5 4 6 -

5 3h 3h 5 6 5

Saddle-like bending, 6 WNs 6, 7 6, 7 6 6 3 - -

6, 7 5 6 6 - -

Counter-rolling 8, 9 8, 9 7, 8 7, 8 7, 8 8, 9 -

8, 9 7h, 8h 7h, 12h 7, 8 12,13 -

Breathing 10 10 11f 13i 15i 15i -

10 16f - 12i 14 15i

Stretching-contraction,6 WNs 11, 12 11, 12 9g, 10g 9g, 10g 14g - -

15, 16 - - 14g - -

Clamshell 13, 14 13, 14 14, 16 11, 12 10, 11 - -

11, 12 9/13, 14h 10, 11 10, 11 - -

Saddle-like bending, 8 WNs 15, 16 15, 16 - - - - -

13, 14 - - - - -

aThe second row/line of mode numbers refer to the complex in each case.
bApo and complex structures are from two biological assemblies #1 and #2 of the same PDB, respectively.
cOnly the apo structure is available for TRAP-12.
dApo structure is extracted from the complex by removing the RNA or DNA segment.
eOne of the five subunits is either stationary or two of the neighboring subunits move together in modes with four nodes (Fig. S2).
fWNs (wave nodes) correspond to clusters of residues that are relatively immobile.
gThis mode includes rotational motion, which differentiates it from its counterpart—the perfect in-plane motion—observed in TRAPs.
hThis mode becomes asymmetric in the complex with DNA (Fig. 3).
iThis is not a fully concerted breathing mode, because of some stationary nodes and/or slight out-of-plane aspect due to rotational motion of the subunits

(Fig. S3).
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proteins as nondegenerate modes invariant under rotations
about the central axis (16,18,19,25). The rolling motion
(Fig. 2 b and Video S1) mostly observed in the fifth
mode (Table 1) corresponds to whirling motions around
the circumference of the torus. The uniform breathing mo-
tion observed in the 10th or higher modes causes an expan-
1786 Biophysical Journal 118, 1782–1794, April 7, 2020
sion/contraction of the ring including its central pore (Figs.
2 f and S4; Video S1). Finally, out-of-plane and in-plane
motions with higher number of WNs (6 or 8) also
exist among the first 16 modes. Such motions also appear
in pairs consistent with the rotations around the central
axis (25).
FIGURE 2 Global modes of motions typically

favored by toroidal architecture illustrated for

TRAP-11 (PDB: 1C9S). (a) The out-of-plane,

bending motion in modes 1 and 2, (b) the nondegen-

erate, rolling motion in mode 5, (c) the counter-

rolling motions in modes 8 and 9, (d) the in-plane,

stretching/contraction motions in modes 3 and 4,

(e) the in-plane, clamshell-like motions in modes

13 and 14, and (f) the nondegenerate, radial breath-

ing motion in mode 10 are shown. The thick arrows

indicate the displacements of residues along the

ANM modes, whereas gray arrows are added to

clarify the global deformation directions. See Video

S1 for the animations of these modes. To see this

figure in color, go online.
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Global modes listed for TRAPs are in conformity with the
modes of a perfectly uniform torus formed by equally
spaced nodes, as observed in the analysis of the nuclear
pore complex at a coarse-grained scale (25). Yet, to our
knowledge, some new motions are identified in this work
such as counter rolling (Fig. 2 c) and clamshell-like open-
ing/closure (Fig. 2 e), which may allow for the ‘‘opening/
unraveling’’ of the multimer (see Video S1). The functional
implications of these modes will be described in the context
of the machinery of sliding clamps.

As the oligomeric topology diverts from almost perfect
symmetry observed in TRAPs to a certain degree of asymme-
try in clamps and more markedly in NCPs, the categorization
of modes becomes less clear. Some global motions are either
modified or not observed among the first 16modes ofNCP tet-
ramers and pentamers (Figs. S2 c, S3 c, and S4 b; Table 1).
Still among the NCPs, the hexamer displays most of the
typical toroidal motions because of its tighter interfaces and
relatively more uniform mass distribution. The effect of
nonuniform mass distribution on toroidal motions has been
discussed in our previous work on nuclear pore complex (25).
Intrinsically sharedmodes of toroidal proteins are
selectively recruited, altered, or suppressed upon
complexation with DNA or RNA

Toroidal proteins form different types of complexes with
DNA or RNA (Fig. 1). The sliding clamp dimer and the
trimeric clamp PCNA encircle the dsDNA (Fig. 1, a and
b), whereas an ssRNA binds along the inner face of the
NCPs (Fig. 1, c–e) or wraps around the TRAP as a contin-
uous ring (Fig. 1 f). Herein, we investigate how the dy-
namics of these proteins are altered upon binding DNA/
RNA. Table 1 provides a summary of the operating modes
in the apo and complexed forms, showing that complexation
may have three different types of effects: 1) changing the
prior probabilities or frequencies of available collective
modes with minor alterations in mode mechanisms, 2) ob-
structing/blocking certain modes, and 3) retaining some
modes unchanged. Notably, those changes favor/facilitate
functional mechanisms as described below.

The heat map in Fig. 3 a illustrates the extent of overlap
between the global modes accessible to E. coli b-clamp
dimer before and after formation of a complex with dsDNA.
The abscissa and ordinate refer to the respective mode
numbers k ¼ 1–15 accessible to the clamp dimer in
dsDNA-unbound and -bound forms, respectively, and the
entries represent the absolute values of the pairwise correla-
tion cosines between these two sets (see Materials and
Methods). In the extreme case of no effect on the global
modes, one would expect dark red entries (fully correlated
modes) along the diagonal and dark blue (uncorrelated
modes) elsewhere. Instead, we observe an increasingly
diffuse distribution of partially correlated modes, with cor-
relations weakening with increasing mode numbers. Except
for the first two modes, which remain practically unchanged
FIGURE 3 Modification of b-clamp dynamics

upon binding dsDNA. (a) The level of overlap be-

tween the global modes of motion intrinsically

accessible to b-clamp in unbound form and its

global modes in the complex with dsDNA are

shown. The entries in the heat map display the cor-

relation cosines between the top-ranking 15 modes

in each case (see the bar on the right). (b and c)

Change in MSFs of clamp residues induced upon

binding to dsDNA are shown. The change in MSFs

in (c) are evaluated by taking the difference between

GNM and envGNM (with dsDNA as environment)

results. The curves in blue and pink display the re-

sults for subunits A and B, respectively, also shown

by the same colors in (b). Negative values (ordinate)

refer to suppression in mobility due to bound

dsDNA. The residues showing notable suppressions

(DMSF> 3.0 Å2) are indicated by green dots on the

graph and on the structure of the complex (b).

Among them, the positively and negatively charged

residues are shown in blue and red spheres, respec-

tively. dsDNA is colored orange. (d and e) The

processivity activities of the sliding clamp are

accomplished through the global rolling (mode 5)

already accessible in the absence of dsDNA, which

is promoted in the complex with the short (d) and

long (e) dsDNA to respective modes 3 and 19 (see

a and Fig. S6). See also corresponding Videos S3

and S4. To see this figure in color, go online.
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(the third effect mentioned in the above paragraph), the col-
lective modes are clearly altered (first effect) or suppressed
(second effect) upon complexation. Of interest is the first ef-
fect, manifested by mode swapping and/or rearrangements/
perturbations. White boxes along the diagonal indicate such
cases. For example, the breathing motion (originally mode
k¼ 11) moves to higher (relatively less prominent or stiffer)
mode k ¼ 16 (see also Table 1) because the large central
hole of the torus (diameter ¼ 35 Å) is mostly occupied by
the dsDNA molecule (diameter ¼ 24 Å).

We examined the change in the fluctuation profile of
DNA b-clamp residues induced upon binding the dsDNA.
The dsDNA tilts with an angle (�22�) as it passes through
the ring structure of the clamp (7). As a result, the mobilities
of the two subunits, colored pink and blue in Fig. 3 b, are
differentially affected. As shown Fig. 3 c, the decreases in
the MSFs of residues resulting from dsDNA binding are
different between subunits A and B. The mobilities of
certain residues (e.g., Q149 in subunit A and D208 in sub-
unit B) are severely decreased, which is because of their po-
sition near the dsDNA binding interface (Fig. 3 b).
Mutations at the positions 148–152 have been reported to
impair the DNA loading by impairing the clamp-DNA inter-
action (68).

The trimeric clamp PCNA dynamics also showed a de-
pendency on DNA binding similar to that of b-clamp, and
the three subunits exhibited different levels of changes in
their MSF profiles (Fig. S5, a and b). In contrast to DNA
clamps, TRAP-11 global modes were found to be relatively
robust (i.e., minimally affected by RNA binding) as illus-
trated in Fig. S5, g and h. NCPs showed a diverse behavior.
Whereas NCP-4 dynamics was substantially modified by
RNA binding (Fig. S5, c and d), the global motions of
NCP-6 were minimally affected (Fig. S5, e–h). In fact,
RNA binding stabilizes the internal toroidal surface and in-
teractions, thereby recovering the slowest six modes of mo-
tion typical of the toroidal shape (Table 1). In other words,
RNA binding to NCP-6 consolidates the global motions that
are intrinsically accessible to toroidal proteins as typified by
TRAPs.
DNA binding enhances the rolling mode
accessible in the unbound b-clamp, thus
promoting or self-regulating DNA processivity

The rolling mode is unique as a highly collective and easily
accessible (soft) mode that engages the entire toroid. This
nondegenerate mode rotates the nodes around the toroid’s
surface such that the inner nodes move ‘‘up’’ along the z di-
rection, that is, perpendicular to the torus plane (Fig. 3 d and
Video S3), and the outer nodes move ‘‘down.’’ In the com-
plex with dsDNA, this motion may become more prevalent
as it shifts to the third mode from the fifth mode without the
DNA in both clamps. A decrease in mode number generally
means an increased ability to deploy such a structural
1788 Biophysical Journal 118, 1782–1794, April 7, 2020
change, with modes with smaller indices being ‘‘softer’’ or
energetically more favorable. Thus, dsDNA binding assists
the clamp in undergoing its function, the dsDNA serving
as a self-regulator of its processivity. Fig. 3 d illustrates
how this mode promotes the mechanical sliding of the
toroidal structure relative to the threading of dsDNA
through the hole. Changes in residue-residue contacts be-
tween the DNA and the b-clamp structures occurring during
the rolling motion are shown in Video S4. Some contacts are
formed, whereas others are broken, during the translocation
of dsDNA through the hole. Five residues, Gly19, Gly23,
Arg24, Arg205, and Gly210, appear to form stable interac-
tions with the sliding long dsDNA.

Notably, the sliding/translocation movement of the
b-clamp relative to the dsDNA is accompanied by the rota-
tion of the dsDNA, which can be clearly seen in the cross-
sectional view of the motion in the presence of a long
dsDNA segment (Video S4). Indeed, in the presence of a
long DNA segment, the rolling motion shifts to mode 19
because the slowest modes are dominated by swinging mo-
tions of the long dsDNA tails (Fig. S6). The coupling of
clamp rolling (ANM mode 19) to the rotation of long
dsDNA is in line with the cogwheel sliding mechanism of
the clamp, previously identified by structure determination
and single molecule measurements (9,69,70). This motion
has been also named as helical sliding or rotation-coupled
sliding of the clamp along DNA.
b-clamp clamshell-like motions that facilitate
dsDNA processivity are allosterically enhanced
by the clamp loader

Opening of the sliding clamp to load onto dsDNA is facili-
tated by its complex formation with the clamp loader
(Fig. 4, a and b). A mismatch in the complex formed be-
tween the pentameric clamp loader and the six repeats of
the sliding clamp has been pointed out to promote clamp
opening (54,71). Our ANM analysis points to selected
modes that aid in this process. At this point, we divert to
the available structures of the closed (PDB: 3U60) and
open (PDB: 3U61) clamp from T4 bacteriophage, which
have been solved in complex with the clamp loader and
the primer-template DNA (54). This clamp consists of three
subunits because it is the human counterpart of PCNA; it has
a triangular-like shape rather than a circular shape (Fig. 4).
Earlier studies have considered that in-plane and out-of-
plane motions of the toroid might enable clamp opening
(72,73). However, we can now identify the specific ENM
modes that assist in undergoing the functional changes in
structure using the method described in Materials and
Methods for the correlation between the experimentally de-
tected change, Dr, and the individual modes (ui) accessible
to the original conformer (see Eqs. 3 and 4).

Structural alignment of the open (o) and closed (c) clamp
structures resolved experimentally displays an RMSD of



FIGURE 4 Opening/closure motions of the T4

bacteriophage clamp are enhanced by clamp loader

binding. (a) Closed (steel blue, PDB: 3U61) (54)

and (b) open (yellow, PDB: 3U60) (54) structures

of the clamp are shown in complex with the clamp

loader (cyan and green, respectively) and the

dsDNA (orange). The arrows indicate the move-

ments of residues in the closed-to-open (c / o)

and open-to-closed (o/ c) transitions, respectively.

(c and d) Overlaps between the structural change

accompanying both transitions and the intrinsically

accessible global modes are shown for the isolated

clamp (gray bars; ANM results) and for the clamp

in the presence of the loader and DNA (red bars;

envANM results). The corresponding cumulative

overlap curves are also displayed on the same

panels. In (c), the three modes with high overlaps

obtained by ANM and envANM are highlighted in

gray and red circles, respectively. Orange arrows

indicate mode shifting among them. The higher

overlaps (and cumulative overlap curves) in the

presence of loader (and DNA) support the role of

the loader as a facilitator of the functional open-

ing/closing motions. (e) Clamshell-like (mode 12)

and (f) out-of-plane fluctuations of clamp open

ends (mode 2) promote clamp opening and closure,

respectively. The diagrams display the theoretically

predicted residue motions in these modes (gray

arrows) in comparison to the structural changes

experimentally observed (red arrows). The ribbons

in (e) (steel blue) and (f) (yellow) are colored by

the same colors as in (a) and (b), and the subunits

are shown in transparent green, cyan, and pink sur-

faces. To see this figure in color, go online.
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6.7 Å between the two forms. Both axial and radial displace-
ments in the subunits are observed between the two forms as
indicated by the arrows in Fig. 4, a and b. To observewhether
these functional changes in conformation are encoded in the
intrinsic dynamics of the bacteriophage T4 clamp structure,
we first considered the closed (c) clamp without the clamp
loader and the DNA and evaluated the individual and cumu-
lative overlaps between the modes intrinsically accessible
based on the ANM and the structural change Dr(c/o)
involved in clamp opening. Fig. 4 c displays the correlation
cosines (Eq. 3, bars) between the predicted soft modes and
the experimentally observed Dr during the transition c /
o. The curves show the cumulative correlations (Eq. 4)
summed up over 15 soft modes intrinsically accessible to
the clamp in isolation (gray curve) and in the presence of
the clamp loader and DNA (red curve). Results are shown
for two opposite transitions, opening and closure (c / o
and o / c), in the respective Fig. 4, c and d.

Two important conclusions are drawn from Fig. 4, c and d.
First, before interpreting these results, we recall that the com-
plete set of 3N�6modes spans the full space of changes on the
conformational landscape such that the cumulative overlap
summed over all modes is 1. Here, we see that the first 15
modes are sufficient to reach a cumulative overlap of �0.70
(Fig. 4 c); and in the case of clamp closure, the first 10 modes
achieve a correlation of�0.95. The 12th mode of c, indicated
by the gray circle and illustrated in Fig. 4 e, is a clamshell-like
motion facilitating the passage c/ o in the absence of clamp
loader and DNA. Fig. 4 e illustrates the good agreement be-
tween residue motions driven by this mode (gray arrows)
and the experimentally observed changes (red arrows) during
this transition. Two other modes of c calculated with ANM,
namely, the second (saddle-like bending) and seventh mode
(counter rolling, not shown), act as drivers of the vertical dis-
placements during opening. These results provide evidence
for the intrinsic ability of the clamp architecture to favor a
concerted opening for binding andprocessingDNAby simply
moving along its softest modes. In fact, the bacteriophage T4
clamp has been shown to fluctuate between open and closed
states by itself in solution (74).

Second, when the clamp loader and DNA are included in
the computational analysis as environment using envANM,
several modes that contribute to clamp opening/closure are
altered to yield higher overlap with experimentally observed
Biophysical Journal 118, 1782–1794, April 7, 2020 1789
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changes as can be observed in Fig. 4, c and d. The clamshell-
like mode (now shifted to the 8th mode) of c together with
the 5th mode (combined rolling and breathing) and 10th
mode (combined counter-rolling and clamshell-like mo-
tions) further facilitate the opening of the clamp in the
presence of the loader (Fig. 4 c, see the red circles). Interest-
ingly, the presence of the loader and DNA modifies the dy-
namics of the open clamp even more strongly (Fig. 4 d) to
enhance clamp closure in remarkable agreement with exper-
iments: a correlation cosine of 0.65 achieved by a single
mode, the second mode, which induces out-of-plane oppo-
site direction fluctuations at the two ends of the open clamp
(Fig. 4 f) via a combined counter rolling and twisted open-
ing/closing (see Fig. 2 c).

Further analysis of clamp dynamics in the presence of the
clamp loader but in absence of dsDNA (Fig. S7) shows very
similar effects to those observed in Fig. 4, c and d in the pres-
ence of dsDNA, further demonstrating that the observed
enhancement of functional motions is actually driven by the
clamp loader. Binding of the clamp loader thus allosterically
stimulates the activation of the collectivemotions that enhance
the processivity of dsDNA by the T4 bacteriophage clamp.
Modular dynamics of the subunits support the
global motions of the toroids

Next, we analyzed the extent to which the intrinsic dynamics
of an isolated subunit is altered upon oligomerization.
1790 Biophysical Journal 118, 1782–1794, April 7, 2020
Fig. S8 shows that the global modes are conserved to a large
extent in the dimeric and trimeric clamps as well as NCP-6
(respective Fig. S8, a–c). TRAP-11, on the other hand, re-
tains the top five modes but not higher modes (Fig. S8 d).
The changes in MSFs upon oligomerization (Fig. S8, e–h)
show the residues whose fluctuations are most strongly
suppressed by interfacial interactions. b-clamp L82, neigh-
boring to the minimum at G81 (Fig. S8 e) has been reported
to affect both the dimerization state and thermostability of
the b-clamp (23).

To quantify the impact of oligomerization, we used two
metrics. First, we evaluated the ratio of interfacial residues
to all residues to test whether the observed effects could
be related to the relative population of interfacial residues
(Table S1, column 5; see also Fig. 5 f). This clearly shows
that the majority of TRAP residues (64% in TRAP-11 and
52% TRAP-12) takes part in interfacial interactions, hence
the strong perturbation in the intrinsic dynamics of the sub-
unit. This behavior is also confirmed by the second metric,
the overlap between the soft GNM modes accessible to the
isolated subunit and those accessible to the subunit in the
oligomer. Column 6 in Table S1 shows the smallest overlaps
in the case of TRAPs. However, all toroidal subunits exhibit
overlaps of 0.925 0.01 between their monomeric and olig-
omeric state dynamics, which means that the modular dy-
namics of the subunits is closely maintained in the oligomer.

Overall, the close preservation of the intrinsic dynamics
of isolated subunits in the oligomers points to the functional
FIGURE 5 Effect of oligomerization on the

intrinsic dynamics and mechanics of toroidal pro-

teins. (a–c) Cross correlations driven by the softest

two modes between all residue pairs in (a) an iso-

lated DNA-clamp subunit, (b) two subunits in the

DNA clamp, and (c) three subunits in PCNA are

shown. In (b) and (c) the intrasubunit correlations

are enclosed in cyan squares. (d and e) Stiffnesses

of (d) NCP and (e) TRAP residues in different olig-

omerization states are shown. The interfacial resi-

dues are labeled with dots. These residues are

those making intersubunit contacts within a cutoff

distance of 4 Å between heavy atoms (except for

the NCP N-terminal long helices that are integrated

into the adjacent subunits). Minimal differences are

observed between the different subunits in a given

toroidal structure, indicated by red error bars that

are hardly visible. (f) The regions making intersubu-

nit contacts (blue spheres) are shown. The structures

are represented as transparent surfaces colored by

the corresponding curves in (d) and (e). NCP-6 and

TRAP-11 have higher stiffnesses than the other

members of their families, consistent with their

higher natural abundance. See also Table S1. To

see this figure in color, go online.
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significance of their modular character. Oligomerization
enables the cooperative deployment of the global motions
that are encoded in the subunit fold; or, the intrinsic dy-
namics of the subunits support the global motions of the
toroids.

The maps in Fig. 5 compare the inter-residue cross corre-
lations for (Fig. 5 a) an isolated subunit of the b-clamp,
(Fig. 5 b) two subunits in the b-clamp, and (Fig. 5 c) the
three subunits in the PCNA. The diagonal cyan square out-
lines indicate the sequence ranges of the individual subunits
in Fig. 5, b and c. The most concrete effect of dimerization
into a toroidal structure is an increase in the positive corre-
lations within subunits (evidenced by the fraction of red
regions in Fig. 5 a compared to those in the diagonal boxes
in Fig. 5, b and c). Fig. S9 displays the cross-correlation
maps for NCPs. Notably, each subunit is highly coherent
in NCP-4, -5, and -6, as apparent from the dark red blocks
along the diagonal. This again indicates that each subunit re-
tains its intrinsic character apart from the N-terminal helices
that reach out to the adjacent subunit.

Finally, we analyzed the mechanical properties of the
oligomers using MechStiff (64). The mean stiffness profiles
of the three NCPs, each composed of the same subunits,
share similar characteristics, but NCP-6 exhibits the highest
resistance to mechanical stress (Fig. 5 d). Notably, the 6-mer
NCP has been reported to be the most abundant NCP olig-
omer (10), consistent with the resistance to destabilization
computed here. Similarly, TRAP-11 exhibits higher stiff-
ness than TRAP-12 (Fig. 5 e). In accord with this result,
only the wild-type 11-mer TRAP is highly stable and could
be crystallized (14). The 12-mer TRAP has been engi-
neered; it is not naturally observed (14).

Thus, in both NCP and TRAP oligomers, the computed
relative stiffnesses of the different oligomeric states, which
provide a measure of the relative stabilities of the structures,
are consistent with the natural abundances/occurrences of
selected oligomers.
CONCLUSIONS

This study presents a comparative analysis of the structural
dynamics of toroidal proteins belonging to different families
and stabilized in different oligomerization states (Fig. 1),
with a focus on the role of global dynamics in enabling
the mechanisms of function of DNA clamps. Major findings
are presented below, along with a description of their
broader significance.
Shared global dynamics

Toroidal proteins have access to well-defined mechanisms of
global motions endowed by their unique architecture, exem-
plified by the globalmodes ofmotion of TRAP-11, illustrated
in Fig. 2 and Video S1, and summarized in Table 1. Typical
global motions include out-of-plane saddle-like bending, in-
plane stretching, rolling and counter rolling, breathing, and
clamshell-like opening/closing. These intrinsically accessible
motions are shared by three families of toroidal proteins,
DNA clamps, nucleocapsids, and TRAPs. Whereas DNA
clamps and NCP-6 closely obey the general classification of
global modes, members such as NCP-4 and NCP-5 exhibit
variations, as illustrated in Figs. S2 and S4 and Video S2.
We note that such variations in structural dynamics play an
important role in the functional differentiation of the protein
from a ‘‘promiscuous generalist into a specialist’’ (75). This
is also consistent with a recent study demonstrating that an
interplay between shared dynamics (usually the first four to
five modes, as is also the case here; see Table 1) intrinsically
defined by the fold and member-specific low-to-intermediate
frequencymodes determines the functional dynamics of fam-
ily members (26).
The functionality of toroidal global modes is
enhanced upon DNA or substrate protein binding,
shown for DNA clamps in the presence of DNA
duplex and/or clamp loader

It is broadly established that global dynamics favor func-
tional motions involved in substrate binding or allosteric
regulation (27,35,39,76). Yet proteins do not function in
isolation. An extremely interesting observation made here
upon focusing on DNA clamps is the role of bound DNA
(Fig. 3) or clamp loader (Fig. 4) in enhancing the intrinsi-
cally accessible global motions to facilitate the functional
mechanisms of the clamps.

In the former case (DNA binding), the rolling motions,
which enable the sliding of the clamp against DNA in
both b-clamp and PCNA, are rendered easier (softer)
upon short DNA binding (see Fig. 3 e and Video S3).
Threading of DNA through the clamp hole is mainly facil-
itated, if not driven, by the rolling mode of the b-clamp,
which simultaneously induces a rotation of the dsDNA,
as may be seen by the cross-sectional view in Video S4
for the clamp/long dsDNA complex. This motion is consis-
tent with single-molecule diffusion data and structural
analysis that showed that clamp proteins predominantly un-
dergo rotation-coupled sliding along the DNA duplex
(9,69,70).

In the latter case (Fig. 4), the clamp loader facilitates/
favors the opening of the clamp to bind DNA. This event
is predominantly controlled by the clamshell-like mode
(Fig. 4, c and e). These results lend support to the ‘‘bind-
open-lock’’ model in which the loader binds a closed state
and then triggers conformational changes that drive the tran-
sition to and stabilization of the open form (77). Our study
suggests that in addition to opening, the clamp loader plays
a role in clamp closure too to stabilize the DNA-bound form.
In that case, a saddle-like bending (mode 2) is found to be
enhanced by the loader to facilitate clamp closure in the
DNA duplex bound state (Fig. 4, d and f).
Biophysical Journal 118, 1782–1794, April 7, 2020 1791
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Overall, this study demonstrates that the DNA itself is
involved in an allosteric autoregulation of its processivity
by the b-clamp action upon promoting modes that enable
b-clamp translocation; and in the case of PCNA, the clamp
loader, in conformity with its biological role (54,71), allo-
sterically and selectively enhances the modes that enable
DNA duplex binding and unbinding.
Clamshell-like opening/closure of the torus
emerges as an effective mode of motion that
supports the change in the oligomerization state

It is interesting to note that clamshell-like motions that
enable the opening/closure of the torus lie among soft (ener-
getically accessible) collective modes. This type of opening
is reminiscent of the mechanism observed for human
CAMKII, which may transition between 12-meric and 14-
meric states (two rings with 6 or 7 subunits each) through
the addition or loss of a dimer (78). The predisposition
of the structure to clamshell-like movement thus facilitates
the opening of the ring to allow for the insertion of a new
subunit or a DNA duplex.
Future prospects for protein design

Toroidal proteins have been selected as elements in
designing supramolecular machines, such as artificial pro-
tein tubes (79) and cages (80) assembled from toroidal per-
oxiredoxin and TRAP, respectively. The revealed dynamics
of toroidal proteins can be useful in designing such artificial
machines. Our analysis demonstrates that structures with
different mechanical and dynamic properties can be gener-
ated by using the same modular units but changing interfa-
cial interactions or oligomerization states (Fig. 5). TRAPs
present the tightest interfaces with the highest mechanical
stiffness. As a result of their compact and almost perfect
toroidal structures, the isolated subunit dynamics is
modified to a large extent in the oligomeric TRAPs. This
is in contrast to clamps and NCPs, which retain the modular
dynamic characteristics of the individual subunits. The
versatility of toroidal oligomers to adapt to different oligo-
merization states and select from a pool of cooperative mo-
tions with minor alterations may be further exploited in
future designs of supramolecular machines.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.

2020.01.046.
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