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Twinkle is the mammalian helicase vital for replication and integrity of mitochondrial
DNA. Over 90 Twinkle helicase disease variants have been linked to progressive exter-
nal ophthalmoplegia and ataxia neuropathies among other mitochondrial diseases.
Despite the biological and clinical importance, Twinkle represents the only remaining
component of the human minimal mitochondrial replisome that has yet to be structur-
ally characterized. Here, we present 3-dimensional structures of human Twinkle
W315L. Employing cryo-electron microscopy (cryo-EM), we characterize the oligo-
meric assemblies of human full-length Twinkle W315L, define its multimeric interface,
and map clinical variants associated with Twinkle in inherited mitochondrial disease.
Cryo-EM, crosslinking-mass spectrometry, and molecular dynamics simulations pro-
vide insight into the dynamic movement and molecular consequences of the W315L
clinical variant. Collectively, this ensemble of structures outlines a framework for study-
ing Twinkle function in mitochondrial DNA replication and associated disease states.
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The human mitochondrial DNA (mtDNA) genome is 16.6 kb and encodes 13 pro-
teins of the electron transport chain, 22 transfer RNAs, and 2 ribosomal RNAs. The
human mitochondrial replisome includes: (1) the polymerase, Polγ, composed of the
catalytic subunit, POLG, and its accessory subunit, POLG2, (2) Twinkle, (3) mito-
chondrial single-stranded binding protein, and (4) the mitochondria-directed RNA
polymerase (POLRMT) (1, 2). Over 400 protein variants of this replisome have been
shown to lead to mitochondrial dysfunction. Of these proteins, Twinkle helicase var-
iants lead to infantile onset spinocerebellar ataxia and disease phenotypes characterized
by neuromuscular dysfunction (3, 4). The essential function of Twinkle is also
highlighted through its embryonic lethality in conditional knockout mice (5). Disease
variants of Twinkle helicase can lead to increased mtDNA copy number (6), mtDNA
depletion, and accumulation of replication intermediates (7).
Twinkle, a Superfamily 4 (SF4) helicase, catalyzes nucleoside 50-triphosphate (NTP)

hydrolysis and unwinds DNA substrates with 50–30 polarity (8, 9). Structurally, Twin-
kle is generally defined by: (1) an N-terminal region (NTR), (2) a primase-like domain,
(3) a linker region, and (4) a C-terminal helicase domain (Fig. 1A). It is predicted that
Twinkle shares overall fold similarity with other members of the SF4 helicases, such as
T7 replicative helicase (gp4) with which it shares 46% sequence similarity and 15%
identity. Most of the similarity is contained within the helicase domain (10). Similar to
other SF4 helicases, structural models and biochemical data predict that Twinkle exists
in various oligomeric states and undergoes oligomeric transitions [reviewed in (11)].
Despite sequence similarity in the C-terminus, the NTR and the primase-like

domain of Twinkle lack critical residues to form zinc finger DNA binding domain and
the residues central to primase function that are found within gp4 and other SF4 heli-
cases (12). Thus, the N-terminal regions of Twinkle are poorly modeled (13).
Although the quaternary assembly of Twinkle remains unclear, biochemical studies
indicate that the NTR of Twinkle is susceptible to proteolysis and is, at least partially,
responsible for DNA binding and oligomerization (12–15). The lack of high-
resolution structural knowledge has hampered a thorough understanding of the molec-
ular mechanisms of Twinkle helicase and Twinkle-dependent mtDNA deletions and
mitochondrial disease.
Here, we present structures of human Twinkle helicase using the W315L disease

variant. Obtained without crosslinking, the full-length (FL) human Twinkle W315L
structures reveal distinct oligomeric states: heptamer and octamer. Both states of Twin-
kle W315L are refined and presented in cryo-electron microscopy (cryo-EM) maps
with areas of high local resolution ∼3.2 and 2.9 Å and ∼4.5 and ∼3.9 Å global map
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resolution for heptamers and octamers, respectively. These olig-
omeric structures are supported through crosslinking-mass spec-
trometry (XL-MS) and size-exclusion chromatography coupled
to multi-angle light scattering (SEC-MALS). Our structures
reveal a conformational assembly that is distinct from other
known SF4 helicase conformations. Utilizing the cryo-EM-
derived structures, molecular dynamics (MD) simulations
define molecular details of wild-type (WT) Twinkle and the
clinically identified W315L variant. Furthermore, our results
provide spatial locations of disease variants and structural basis
for dysfunctional mitochondrial DNA (mtDNA) replication
observed in patients with Twinkle-associated mitochondrial
diseases.

Results

Purification and Assembly of Multimeric Human Twinkle. Pre-
vious oligomeric assessments show WT and W315L eluting at
high-molecular weight by size-exclusion chromatography (7).
Both display a similar heptameric conformation upon negative
stain EM, while WT also displays hexamers (4). Variable effects
of W315L substitution on DNA helicase function in vitro have
been reported and likely arise from differential assay sensitivi-
ties, reaction conditions, and DNA substrates (7, 10, 16). To
aid in our understanding of autosomal dominant progressive
external ophthalmoplegia (adPEO) resulting from mutations
in c10orf2 (TWNK gene), we expressed full-length human
W315L Twinkle (C-terminal his-tag Δ42, FL residues 43–684,
73 kDa) (16) in Escherichia coli (Fig. 1A), which we call Twin-
kle below. Detergents and glycerol, which have been among the
common additives to aid WT and mutant Twinkle stability,
have been removed (4, 12, 16). These additives often reduce

the signal-to-noise ratio in micrographs, interfering with high-
resolution cryo-EM (17). Our modified protocol (Materials and
Methods and SI Appendix, Fig. 1A) permitted purification of
Twinkle W315L in amounts and purity amenable to high-
resolution structural analysis (SI Appendix, Fig. 1B).

Size-exclusion chromatography (SEC) coupled with multi-
angle light scattering (SEC-MALS) of Twinkle in the absence
(APO) and presence (DNA bound) of “FORK1” replication
fork DNA (SI Appendix, Fig. 1C) confirmed self-assembly of
high-molecular weight Twinkle W315L species, as previously
observed (18). SEC-MALS profiles show the elution of the
APO form at 13.66 mL with a derived molecular weight (MW)
of 606 kDa that approximates an octameric species of Twinkle
W315L. The DNA bound form had a small shift in peak elu-
tion to 13.38 mL with a derived MW of 503 kDa (SI
Appendix, Fig. 1C). This reduced size approximates Twinkle
species bound to FORK1 DNA following a monomer loss,
which supports the hypothesis that Twinkle oligomers eject one
monomer upon binding DNA (11).

High-Resolution Cryo-EM of Human Twinkle FL. A straight-
forward purification of Twinkle and confidence in oligomeric
assembly allowed for the vitrification, sample imaging, subsequent
cryo-EM data collection (SI Appendix, Fig. 2A), and single-particle
analysis (Fig. 1 B–E and SI Appendix, Figs. 2–6 and Table 1) of
Twinkle W315L. Twinkle W315L particles are discernible on
micrographs (Fig. 1B), and data processing of two-dimensional
(2D) classes (SI Appendix, Fig. 2B) indicate a mixture of oligo-
meric states distributed among heptamers (∼30%), octamers
(27%), oligomers containing DNA (23%), and broken rings of
variable size (19%) (Fig. 1C and SI Appendix, Fig. 2C). Although
grids were prepared with samples containing FORK1 DNA and

Fig. 1. Twinkle W315L analysis for structural studies. (A) Schematic of the Twinkle construct used in this study. Transport of Twinkle to the mitochondria
removes the predicted mitochondrial transport sequence (MTS) producing Twinkle helicase (43-684), Twinkle FL ΔMTS). Twinkle domain structure consists of
an N-terminal region (NTR) (light peach), a primase-like domain (light orange), and a C-terminal helicase domain (bright red). (B) Representative cryo-EM
micrograph with scale bar (white). (C) Example cryo-EM 2D class averages of a heptamer and octamer Twinkle helicase. (D and E) Cryo-EM density maps of
(D) heptamer (blue-gray) and (E) octamer (salmon) colored with size measurements indicated in angstroms of the lumen and width as measured in IMOD (49).
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AMP-PNP, high orientation bias in the particle distribution of
the DNA-bound species lead to low-resolution 3D reconstruction
and precluded the generation of final 3D models. However,
despite the oligomeric heterogeneity, possibly accentuated by the
absence of crosslinking agents, cryo-EM clearly captures two dis-
tinct high-resolution APO oligomeric states, heptamer and
octamer (Fig. 1 and SI Appendix, Figs. 2C and 3–6).
Following 2D and 3D classifications, the FSC (0.143) of the

cryo-EM map of Twinkle W315L octamer and heptamer
defined a global resolution ∼3.9 Å and ∼4.5 Å, respectively
(C8, octamer EMD ID: 25743 and C7, heptamer EMD ID:
25744) (SI Appendix, Table 1 and Figs. 5 and 6). In these olig-
omeric assemblies, Twinkle W315L forms a ring-like structure
(13, 14, 19). The heptamer has an outer diameter of ∼193 Å
and an inner lumen diameter of ∼26 Å, and the octamer has
an outer diameter of ∼203 Å and an inner lumen diameter of
∼33 Å (Fig. 1 D and E). The local resolution of the structure
lies largely between ∼3.8–4.1 Å (heptamer) and ∼2.9–3.8 Å
(octamer), with regions of presumably increased mobility at
lower resolution, such as regions at the top and bottom of the
ring (SI Appendix, Figs. 5 B and C and 6 B and C). Given the
mobility of Twinkle in these regions and the lack of visual dif-
ferences between individual monomers within the multimeric
species, local refinement of the octamer was performed by
masking a dimer unit and defining a fulcrum point at the

center of the mask. The particles within each defining oligo-
meric structure were subject to symmetry expansion. With no
applied symmetry (i.e., C1), the octameric cryo-EM map global
resolution is ∼3.8 Å with local resolution ranging from ∼2.9 Å
to 3.5 Å (SI Appendix, Fig. 3, EMD ID: 25746). The dimer
map has improved resolution particularly in the regions form-
ing the interior lumen of Twinkle.

Twinkle Ensemble. Given that there are no published structures
of human Twinkle or homologs, we utilized the AlphaFold
software and database (20) to generate models of both Twinkle
W315L (AlphaFold software) and WT (AlphaFold database) as
starting models for refinement (SI Appendix, Fig. 7). To investi-
gate the structural details of Twinkle helicase W315L, we built
and refined heptameric and octameric atomic models within
the cryo-EM maps. We modeled seven asymmetric units into
the heptameric cryo-EM map (PDB ID: 7T8C, EMD ID:
25744) (Fig. 2A and SI Appendix, Fig. 5F) and we modeled
eight asymmetric units into the octameric cryo-EM density
(PDB ID: 7T8B, EMD ID: 25743) (SI Appendix, Fig. 6F).
The locally refined C1 map (EMD ID: 25746) was used to
ensure model completeness. The density we observe for both
the heptamer and octamer populations (SI Appendix, Figs. 5F
and 6F, respectively) are well-fit by the Twinkle sequence. The
Twinkle W315L structures are oligomeric ensembles of

Fig. 2. Overview of W315L Twinkle helicase structure.(A) Top view of DeepEMhancer cryo-EM map of Twinkle helicase heptamer (EMD ID: 25744) (blue) fit
with PDB ID: 7T8C (cartoon representation). The oval (Top Left) indicates an asymmetric unit or a monomer. (B) Zoom-in on a monomer unit of the heptamer
PDB ID: 7T8C (blue) and octamer PDB ID: 7T8B (salmon) in cartoon representation. The asterisk indicates the helix containing W315L, and the arrow points
to a stick representation of W315L. (C) (Top) Schematic of a monomer unit colored according to domain: N-terminal region (NTR) (light peach), primase-like
domain (light orange), and C-terminal helicase domain (bright red). (Bottom) Mixed cartoon representation of a Twinkle heptamer (transparent gray) and a
surface representation of a monomer (subdomain colors) within the heptamer. (D) (Left) Schematic of Twinkle subdomains mapped with cartoon representa-
tions of cylindrical helices. The cylindrical representation is colored as in (C), and the asterisk indicates the location of the helix containing W315L. (Right) The
cryo-EM map (mesh) (EMD ID: 25743) fit with the PDB ID: 7T8B cartoon representation of the helix containing W315L. Residues are shown in stick represen-
tation. The asterisk is maintained in the same position in (D) and (B).
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monomers containing “head” and “tail” regions that assemble
in head-to-tail fashion to form a ring (Fig. 2 A and B). There is
no observable density for residues 43–53, 85–98, 132–146,
227–230, and 633–684 or for the C-terminal his-tag. This
absence of density is consistent with the disorder predicted for
these regions by AlphaFold (20) (SI Appendix, Fig. 7) as well as
DISOPRED, a disorder prediction software (21) (SI Appendix,
Fig. 8).
The asymmetric units within the heptamer and octamer

structures are nearly identical Twinkle monomers and chains A
from each oligomer align with a root-mean-square deviation
(RMSD) of 0.228 Å (Fig. 2B). Twinkle monomers within our
Twinkle W315L ensembles are separated into three discrete
subdomain regions: NTR (residues 54–131, light peach),
primase-like domain and linker (residues 147–388, light orange),
and C-terminal domain (residues 389–633, bright red) (Fig. 2 C
and D and SI Appendix, Fig. 9). Additionally, the C-terminal
domain stacks onto the N-terminal domain within each discrete
monomer unit (Fig. 2 C and D). The Twinkle clinical variant
W315L resides in the primase-like domain, and the helix con-
taining W315L is well-occupied within the cryo-EM map (Fig.
2D). The positions of local residues surrounding W315L in the
heptamer and octamer assemblies are remarkably similar (SI
Appendix, Fig. 10), indicating that structural features are shared
within the asymmetric units of both assemblies.

Crosslinking Mass Spectrometry of Twinkle Helicase. To vali-
date our cryo-EM-derived model of Twinkle W315L, we
performed chemical XL-MS. Under reducing SDS-PAGE con-
ditions, bis[sulfosuccinimidyl]suberate (BS3d0) crosslinking yielded
higher MW bands consistent with multimers, in addition to a
∼73 kDa band for the noncrosslinked protein (Fig. 3A). In the
samples analyzed by MS, there were 55 crosslinks and 27
unique crosslinks observed and well-defined (SI Appendix,
Table 2 and Fig. 11). The Twinkle helicase sequence has an
additional 19 lysine residues that were not observed in XL-MS
data, highlighting the specificity of BS3d0 as a lysine-lysine
crosslinker in this analysis. A XiNET plot displays all nonam-
biguous crosslinks (Fig. 3B) (22). The crosslinks were mapped
onto the protein sequence and show clustering in three general
regions. Using PDB ID: 7T8B chain B, the majority (88%) of
crosslinks occurred within an acceptable region, defined by a
cutoff of Cα-Cα ≤30 Å (Fig. 3C) (23–25). Within the permit-
ted regions, crosslinks occurring near the multimerization inter-
face are of particular interest. For example, crosslinks involving
K319, K324, K328, and K365 (Fig. 3D) are all located within
the predicted 12 Å region of BS3d0 and agree with the cryo-
EM derived structures of Twinkle W315L. Each of the cross-
links occurring outside this cutoff is in connection to one
residue, K593. Furthermore, the distances of crosslinking to
this residue remain outside the cutoff in the context of both
intra- and interdomain crosslinking. This residue is in the cen-
tral lumen of the ring within the cryo-EM maps of Twinkle
W315L, perhaps indicating flexibility in this region. A less popu-
lated conformation, not resolved to high-resolution in the cryo-
EM analysis, could also explain the presence of this crosslink.

Molecular Dynamics Simulations of Conformational Flexibility,
Stability, and Dynamic Changes. To understand the potential
impact of the W315L clinical variant on the structure of Twin-
kle helicase, we performed molecular dynamics (MD) simula-
tions using two simplified systems: (1) a dimer system (chain A
and chain B), and (2) a monomer system (chain A) (Fig. 4A).
We analyzed several parameters: RMSD, root-mean-square

fluctuations (RMSF), and calculated dynamic cross correlation
matrices (DCCM). The RMSD profile of Twinkle W315L as
compared to WT is relatively unchanged within the dimer sys-
tem (SI Appendix, Fig. 12). Similar deviations from the starting
structures indicate the overall stability of both dimer systems is
comparable. When treated as free monomers or monomer sys-
tems within a dimer, both systems are again stable (SI
Appendix, Figs. 12 and 13A). When we truncate Twinkle in
our system to remove the NTR (residues 56–149), we observe
a slight decrease of RMSD values and therefore a mild increase
in stability of the rest of the protein (compare SI Appendix,
Figs. 14 vs. 12 and 13A). Meanwhile, the values of RMSDs cal-
culated only from the NTR are increased for both WT and

Fig. 3. XL-MS of Twinkle helicase W315L. (A) 4–12% SDS-PAGE with
Coomassie staining of W315L Twinkle helicase in the presence and absence
of Bs3d0 (0.5 mM). (B) 2D representation of Twinkle crosslinks displayed
using XiNET (22). A schematic of the Twinkle residue numbers and domains
are shown below the plot. The black tick marks indicate residues in incre-
ments of one hundred. (C) Histogram of linking distances derived from the
map of Twinkle. Permissible crosslinks are defined as Cα-Cα ≤30 Å, distan-
ces were measured in Chimera. (D) (Left) A sample of Twinkle crosslinks
modeled onto a Twinkle monomer (PDB ID: 7T8B). (Right) Crosslinked lysine
side chains (sticks) near the multimerization interface are shown.
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W315L in the monomer and dimer systems (SI Appendix, Fig.
15), indicating potential flexibility in the NTR.
We then explored the dynamic behavior of individual resi-

dues through analysis of RMSF of the α-carbons to predict
local residue movement (Fig. 4B and SI Appendix, Fig. 13B and
16). There are negligible differences among the fluctuations
when comparing chains A and B of both WT and W315L,
with the exception of residues ∼365 through 385, the “tail
region” (Fig. 4 A and B and SI Appendix, Figs. 16 and 17 vs.
18, Middle Panels) and to a lesser extent residues ∼460 through
495, the “head” region (SI Appendix, Figs. 16 and 17 vs. 18,
Lower Panels). When the respective region is unengaged or unre-
strained there is an elevated RMSF, conversely when it is
restrained by the presence of a subsequent monomer, there is a
decreased in RMSF. For example, when the tail (residues
∼365–385) of chain A is unrestrained, there is a high RMSF (Fig.
4 B, Left), however, when the tail of chain B is bound to the head
of chain A in an oligomer there is a reduction in RMSF at the
interface (Fig. 4 B, Right and SI Appendix, Figs. 17 vs. 18, Middle

Panel). Consistent with this observation, the monomer system has
an elevated RMSF in both the head and tail region (SI Appendix,
Figs. 13B and 19).

For additional insight into the dynamics of Twinkle WT and
W315L, dynamic correlation was evaluated on the MD trajecto-
ries of WT and W315L (SI Appendix, Figs. 13C, 20, and 21).
Dynamic correlation is reflective of the communication among
various sub elements via α-carbons across the entire protein
backbone. For Twinkle WT and W315L dimer and monomer
systems, we clearly observe correlative movement indicative of
three distinct subdomains within each chain, and residue num-
bering correlates well with the cryo-EM defined boundaries: NTR,
primase-like domain, and the helicase domain (SI Appendix, Figs.
13C, 20, and 21). Here, WT exhibits marginally increased anti-
correlative motions, or more flexibility as compared to W315L
(SI Appendix, Figs. 20 vs. 21). Although there is anti-correlative
movement, in the dimer systems, the local environment sur-
rounding residue 315 in both W315 (WT) and W315L displays
no major differences in local interaction frequencies in this

Fig. 4. Twinkle W315L oligomeric interface. Throughout the figure chain A of Twinkle is light gray blue and chain B is dark gray blue, in schematic a when
displaying the oligomer chains c–g are colored alternating these same colors. (A) Schematic of Twinkle heptamer head-to-tail assembly and simplified dimer
system used for MD simulations. (B) (Top) Schematic of Twinkle domain structure and the black dashed box pertaining to the region of the Bottom Panel.
(Bottom) Zoom-in of the average RMSF plots of the Cα atoms for chain A (Left) and chain B (Right) of W315L calculated over the entire MD trajectory. X-axis is
a schematic of the relevant domains of Twinkle and residue numbering. Arrows indicate the region on the schematic of an asymmetric unit pertaining to
residues ∼360–390 in the “tail region” of the Twinkle monomer for both chain A and chain B in a simplified dimer system. (C) A tilted view surface represen-
tation of Twinkle heptamer (PDB ID: 7T8C) and a black box highlights a cylindrical representation of two asymmetric units. The Twinkle heptamer is rotated
to a side view of Twinkle, and a black box highlights the interface between asymmetric units. The asymmetric unit has a height of 60 Å as determined in
Chimera. (Right) Zoom-in on the interface of chain A and chain B of PDB ID: 7T8C. Residues shown in stick representation are previously identified Twinkle
clinical mutations (16). (D) A histogram of per-residue MM-GBSA binding energies of clinical variants at the interface of two asymmetric units of W315L.
y axis represents the binding energies, and error bars are SE.
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region (SI Appendix, Tables 3 and 4). From our MD simula-
tions, we can see both WT and W315L systems are globally sta-
ble with regions of inherent flexibility.

Molecular Details of Twinkle Helicase Functioning. Guided by
these structural features, molecular dynamics and cryo-EM
become particularly advantageous to visualize specific residues
and critical areas of Twinkle, such as the active site, oligomeri-
zation interfaces, and clinical mutations. Sequence and struc-
tural alignments of Twinkle and gp4 provide insight into the
features of the active site, include the Walker A and B motifs
(K421, E445, and D516), and the “arginine finger” R609 (SI
Appendix, Fig. 22 A and B). While the NTP binding site of
Twinkle is unoccupied, the residues necessary for nucleotide
hydrolysis and NTP engagement are spatially assembled, and
R609 is important for the interaction between subunits (SI
Appendix, Fig. 22C and Table 5). Alignments of T7 helicase
structure APO structure of the helicase-primase K318M mutant
(PDB ID: 1Q57, gp4 residues 64–549), helicase E343Q catalytic
mutant bound to single-strand DNA, and Mg2+, dTTP (PDB
ID: 6N7N, residues 264–549), Twinkle heptamer (PDB ID:
7T8C) and octamer (PDB ID: 7T8B, chains A) reveal similar
active site assemblies (SI Appendix, Fig. 22 D and E).
These Twinkle W315L cryo-EM models also permit the

mapping of an extensive interface between the “head” region
(residues 448–459 and 464–479) and the “tail” region (residues
369–383) of the next monomer chain B (Fig. 4 C and D, hep-
tamer). Comparing the dimer interfaces of the heptamer and
octamer assemblies demonstrates that the interface is largely
maintained and that global alignment of two asymmetric units
has an RMSD of 0.288A (SI Appendix, Fig. 23A). More than
25 known missense mutations reside within the helices that
form the subunit interface, and most of these variant Twinkle
proteins have been shown in biochemical assays to interfere
with multimerization or to reduce DNA helicase or ATPase
activities (11, 16). Furthermore, at least 10 clinical missense
variants directly align with the subunit interface in both the
heptamer and the octamer (Fig. 4C and SI Appendix, Fig. 23B).
Residues at the interface also display high frequencies of inter-
action (SI Appendix, Table 5 [chain B residues] and SI
Appendix, Table 6 [chain A residues]). For example, the frac-
tional occupancies of interdomain interactions for residues
S369, F370, R374, L381 (chain B), F478, E479, and F485
(chain A) are between 0.921–1.000 for both WT and W315L
Twinkle, indicating these residues are nearly always participat-
ing in the subunit interface. It is also apparent from molecular
mechanics generalized Born surface area (MM/GBSA) or bind-
ing energy analysis that residues at the interface have large neg-
ative energies (SI Appendix, Fig. 23C, 24, and 25), including
those implicated in clinical disease presentation (Fig. 4D). The
binding energy analysis highlights the importance of these resi-
dues in assembly of Twinkle.
One of the most devastating clinical mutations of Twinkle

is Y508C. Interestingly, Y508 is situated at the nexus of the
N-terminal and C-terminal domain interface and it is also
closely positioned to I367 (chain A) of the subsequent mono-
mer (i.e., chain B), (SI Appendix, Fig. 26 A–C). The negative
binding energies and high frequency of interaction of Y508
(chain A) (SI Appendix, Fig. 24 and Table 6) and I367 (chain
B) (SI Appendix, Fig. 25 and Table 5) in MD simulations fur-
ther support the notion that proper assembly of this region is
critical for monomer formation, as well as oligomeric assembly.
It is worth noting that in this region, I367T and V507I are
also clinical variants associated with adPEO and Perrault

syndrome 5, respectively. In total, the structures defined in this
study also permitted the mapping of ∼93% of disease-associated
Twinkle mutations identified in Peter et al. (11) (SI Appendix,
Fig. 26D).

Discussion

Architecture of Twinkle Helicase. We determined structures of
the human mitochondrial replicative helicase, Twinkle W315L.
The W315L disease variant structures illustrate the interface
between Twinkle subunits and reveal contacts that are critical
for the assembly of the oligomeric ring structure. Our cryo-EM
structures display the primase-like domain stacking on the
NTR within each monomer. Although our structures resemble
previous 2D class analyses for Twinkle (4), their domain
arrangement differs from a previously proposed Twinkle model
(13). We did attempt to model a conformation of Twinkle in
which the primase domain is rotated and positioned under the
helicase domain of the adjacent monomer in the ring assembly,
but this conformation did not fit appropriately into the cryo-
EM map.

Previous studies have shown that the addition of NTPs and
decreased ionic strength “compacts” Twinkle WT (4, 15).
In contrast, W315L was not observed to have NTP-induced
conformational changes. In these studies, 2D classes, under
crosslinking conditions, display an NTR and/or primase-like
domain folded inward toward the ring (4). In our study, the
2D classes and 3D structures of Twinkle W315L are consistent
with a “compacted” conformation. While we cannot exclude
that the presence of AMP-PNP in our sample is driving this
compaction, we also do not observe a transition from open to
extended conformations of Twinkle W315L, consistent with
previous analysis. Additionally, Peter et al. (4) states that the
“open” or star conformation of WT is unlikely to exist in vivo,
but it likely implies an inherent flexibility that is absent in
W315L. Our MD simulations systems indicate minor stability
increases for W315L over WT (e.g., DCCM, SI Appendix,
Figs. 20 and 21). If WT Twinkle has a propensity to sample an
open conformation more frequently in vitro, this could contrib-
ute to the decreased solubility and increased aggregation
observed by numerous researchers (11, 26). We suggest this
inherent flexibility of WT Twinkle frustrated our previous
structural efforts, whereas the relative stability of the W315L
Twinkle enabled determination of structures with all domains
visible in the oligomeric assemblies.

Oligomer Selection. Previous Twinkle models and descriptions
of adPEO mutations have invoked altered flexibility and varied
oligomeric states. Twinkle monomers, dimers, trimers, tetramers
(82%) and larger oligomers (18%) have been observed by atomic
force microscopy (19). Heterogenous mixtures of hexamer, hep-
tamer, and broken rings were revealed by negative stain EM (4),
and by cryo-EM, and hexamers have been observed after high
salt GraFix and crosslinking (13). The environment and meth-
ods of protein purification may have generated these inconsisten-
cies. Here, we have taken care to remove DNA from original
purifications, to maintain salt conditions that closely resemble
in vivo salt conditions, to eliminate detergents in sample buffers
and to avoid biases associated with population selection or cross-
linking. Perhaps the relative rigidity of the Twinkle W315L
interface leads to a more conformationally homogenous popula-
tion of Twinkle and promotes the appearance of an octamer
population. The MD simulations data in this study, along with
the cryo-EM and SEC-MALS data, suggest that flexibility at the
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interface of the oligomeric species may allow for monomer
exchange. Similarly, the flexibility observed at the interface may
facilitate ring opening. In support of this, S369P and L381P
substitutions at the subunit interface show increased broken
rings (4). Our structures support biological observations that
mutations to residues such as R374 (the highest binding energy
to the dimer interface Fig. 4D) and Y508C would dramatically
impact the ability of Twinkle to properly assemble.
Here, we compare atomic models of Twinkle in light of the

well-characterized T7 gp4 structures, both in the absence and
presence of the replisome components. Thus far, high-resolution
structures of T7 gp4 have primarily analyzed the primase and
helicase domains in the absence of the zinc finger binding
domain (ZBD) [e.g., PDB IDs: 1Q57, primase-helicase; hep-
tamer, (27); 1E0K, helicase (28); 5IKN, primase-helicase (29);
and 1CR2, helicase (30)]. In the absence of the NTR, gp4 struc-
tures display primarily hexamers, although a heptamer was also
observed in crystallization (27). Biochemical analysis suggests
that the ZBD of T7 gp4 is inhibitory to hexamer formation and
diffraction-competent crystals (29, 31).
It is interesting to postulate whether the NTR is inhibitory

for Twinkle as well. If this is correct, then the removal of the
Twinkle NTR might also produce a dramatic population shift
toward a hexamer. Likewise, ZBD-primase domains of T7 gp4
have been resolved in structural studies [X-ray crystallography,
PDB ID: 1NUI (32); ZBD-primase and cryo-EM, PDB ID:
6N9U (33); one ZBD, residues 9–45; and 2 primase domains
residues (1) 64–209/218–260 and (2) 64–260], but the position
of each ZBD within an oligomer assembly is largely unknown.
The Twinkle helicase conformation(s) in complex with the

other members of the mitochondria replisome is, to our knowl-
edge, unexplored. The T7 gp4 helicase-primase PDB ID: 5IKN
vs. 1Q57 replisome structures describe nearly identical position-
ing in the presence and absence of additional replisome factors
with an RMSD of 3.4 Å. It is also possible, as Peter et al. (11)
proposed, that the C-terminus of Twinkle interacts with the
other replisome components. Given that the C terminus is par-
tially solvent exposed perhaps the current conformation of Twin-
kle is competent for protein-protein interaction. Experimental
evidence of these interactions is under investigation.

Unrestrained Movement and Movement along DNA. Theories
of helicase engagement and movement along DNA would sup-
port the need for sampling a broken ring conformation of
Twinkle and sampling unrestrained movement observed in

MD simulations. Similar unrestrained movement and open
ring formation has been observed in the AFM study of Twinkle
helicase (19) and high-resolution structural studies of T7 gp4
[e.g., PDB ID: 6N7I (33)]. Here, the observed change of MW
calculated by SEC-MALS, in the presence of FORK1 DNA, is
highly reminiscent of the ejection theory, whereby Twinkle
helicase releases a monomeric subunit upon DNA binding. The
clinical presentation of Twinkle W315L may arise from a dys-
function in DNA loading, whereby the oligomeric population
would have subsequent rounds of monomer ejection, ejecting
two molecules (APO octamer to DNA-bound hexamer) (Fig. 5).
Additional structural studies will be needed to characterize the
mechanism of Twinkle helicase movement along DNA, in the
context of adPEO clinical variants and WT. While it is possible
that the diameter of the lumen observed in our Twinkle struc-
tures could accommodate both the single-strand and double-
strand elements of the DNA fork, we do not observe unmodeled
density in the ring-like 3D reconstructions that could account
for the presence of DNA. Under the present conditions, the
Twinkle-DNA bound species in our cryo-EM dataset suggest
that the structure underwent a large-scale conformational change,
but did not yield a high-resolution map due to orientation bias
in the projection distribution (SI Appendix, Fig. 2C). Previously,
work has shown that Twinkle helicase is capable of binding
DNA in the absence of cofactors (12, 34) and here, the sample
reaction assembly was designed similarly to Patel and colleagues
(35), in which helicase activity would begin with the addition of
Mg2+. Future studies are needed to further explore the confor-
mational changes and biochemical properties in cryo-EM of
Twinkle in the presence and absence of cofactors, metals, and
nucleic acids.

Summary. Overall, this study unveils high-resolution structures
of Twinkle helicase as both a heptamer and an octamer. We are
now able to accurately map nearly all clinically identified Twinkle
variants. XL-MS experiments and MD simulations further sup-
port the cryo-EM structure. How Twinkle helicase assembles
within the mitochondrial replisome, identification of protein-to-
protein or protein-to-DNA contacts, and how Twinkle dysfunc-
tion promotes replisome-dependent stalling and ultimately the
formation of mtDNA deletions are ongoing investigations. We
anticipate this study will elicit subsequent investigations of the
conformational changes identifying additional states of Twinkle
helicase, as well as assembly within the replisome. Furthermore,
this study provides a platform for targeted therapies in the

Fig. 5. Proposed model of Twinkle WT and W315L octamer-heptamer monomer ejection. The loss of one (WT/W315L) or two monomer (W315L) units
is required for DNA binding. Each attempt to bind DNA allows for ring opening and unrestrained movement exploiting the inherent flexibility of Twinkle.
Twinkle top views are shown in cartoon surface representation for the heptamer (blue) and octamer (pink). Tilted views are shown using the Adaptive
Poisson-Boltzmann Solver (APBS) electrostatics plugin of PyMOL onto the surface representation of both oligomeric assemblies. 3D surface cartoon repre-
sentation color-coded electrostatic surface �5 (red) to +5 (blue) KbT/ec.
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treatment of Twinkle-associated diseases such as progressive
external ophthalmoplegia, Perrault syndrome, infantile-onset
spinocerebellar ataxia/IOSCA, and hepatocerebral mtDNA deple-
tion syndrome.

Materials and Methods

Plasmids and Expression. Twinkle W315L plasmid pT684Δ42C-His, previ-
ously described (16), was transformed in Rosetta2 (DE3) (Millipore). Cultures
were grown in terrific broth to an OD600 of ∼2 and induced with 0.2 mM IPTG.
Cultures were incubated overnight at 16 °C and shaking at 180 rpm. Of note,
these analyses described here were also attempted for Twinkle WT, but, as is
well-established, solubility prevented further analysis. Therefore, for simplicity,
W315L is referred to as Twinkle.

W315L Purification. Bacterial pellet was resuspended in cold lysis buffer
(25 mL/L culture) (25 mM Hepes pH 8, 500 mM NaCl, 5% glycerol, 0.5 mM
TCEP, 0.5% Nonidet P-40, 40 mM imidazole) and cells were disrupted on ice by
sonication until homogenous. The crude cell extract was clarified by centrifuga-
tion at 20 k × g, 4 °C and applied to a fresh 5 mL Ni-NTA HP column (Cytiva).
After washing the column with lysis buffer and lysis buffer without Nonidet P-40,
protein was eluted in 5 mL fractions of no Nonidet P-40 lysis buffer supple-
mented with 250 mM imidazole. The purest fractions were pooled and diluted
to 250 mM NaCl and loaded on a fresh 1 mL heparin HP column (Cytiva).
The protein was eluted in a linear gradient 15 CV Buffer A (25 mM Hepes pH 8,
250 mM NaCl, 0.5 mM TCEP) to Buffer B (Buffer A supplemented with 1 M
NaCl) in 2-mL fractions. For cryo-EM, the peak fraction was dialyzed at 4 °C for
1 h in Buffer A. For SEC-MALS, fractions containing the purest protein were sup-
plemented with 50 mM imidazole and 50 mM NaCl, concentrated to 5 mL using
Amicon filter 50 K cutoff (Millipore) and injected on a SEC S200 16/60 hi-prep
column (Cytiva) in Twinkle imidazole buffer (25 mM Hepes pH 8, 300 mM NaCl,
50 mM imidazole, 0.5 mM TCEP). All proteins used in biochemical assays were
flash frozen and stored at �80 °C. Proteins for SEC-MALS were “polished” over
an S200 column in Twinkle imidazole buffer prior to SEC-MALS experiments.
Cryo-EM grids were prepared from freshly purified protein.

DNA Substrate Complex Formation. Fork1 substrate was incubated at 95 °C
for 5 min and annealed by slowly decreased to room temperature in 1× anneal-
ing buffer (10 mM Hepes pH 8, 50 mM NaCl, 10 mM EDTA). DNA fork substrate
was previously described (18) and contains the following oligonucleotides:
(1) dscrandom44: ACTTGAATGCGGCTTAGTATGCATTGTAAAACGACGGCCAGTGC, (2)
TSTEM GCACTGGCCGTCGTTTTACGGTCGTGACTGGGAAAACCCTGGCG, and (3) U25
CGCCAGGGTTTTCCCAGTCACGACC (Integrated DNA Technologies).

Cryo-EM Freezing and Sample and Grid Preparation. A 2-nm carbon film
was evaporated on G-flat R1.2/1.3 (Protochips, Inc) using a Leica ACE600. Grids
were glow-discharged on both sides for 30 s, 15 mA using a Pelco EasiGlow at
0.38 mBar. 3 μL of buffer (220 mM NaCl, 25 mM Hepes pH 8, 0.5 mM TCEP)
was applied to the back side of the grid. The Twinkle reaction (3 μL) containing
freshly purified Twinkle W315L ΔMTS (43-684) (∼1.2–1.8 mg/mL) with 1 mM
β,γ-imidoadenosine 50-triphophate lithium salt hydrate (Sigma Aldrich), 20 μM
Fork1 DNA diluted with 250 mM NaCl, and 25 mM Hepes pH 8, 0.5 mM TCEP
which was preincubated for 1 h on ice was applied to the front side. Excess
liquid was blotted for 3–4 s, blotting force of �1, 95% humidity, and 12 °C
using a Vitrobot Mark II (Thermo Fisher) and plunged into liquid ethane.

Cryo-EM Data Collection, Processing, and Refinement. Datasets were col-
lected on a Talos Arctica microscope (Thermo Fisher) at 200 kV using a K2 cam-
era (Gatan Inc.) at a pixel size of 0.932 Å/px and on a Titan Krios microscope
(Thermo Fisher) at 300 kV equipped with a bio-quantum energy filter (Gatan Inc)
and either a K2 or a K3 detector (Gatan Inc) at a super resolution pixel size of
0.529 Å/px at 0 and 30° tilt angle (SI Appendix, Fig. 2A). Movies from all data-
sets were aligned using MotionCor2 (36) using 5 × 5 tiles and binned to a com-
mon pixel size of 1.058 Å/px. Aligned micrographs were imported and processed
into CryoSPARC v3.0 (37). Final maps were sharpened using DeepEMhancer
(38). Atomic models were built into the maps with Chimera (39), Coot (40),
Phenix (41), and PyMOL (42).

Chemical Crosslinking and Mass Spectrometry. Twinkle W315L (7 μM,
monomer) was incubated with 1X annealing buffer or FORK1 DNA for 15 min.
Crosslinking reactions started upon the addition of BS3d0 to a final concentra-
tion of 0.5 mM. Reaction mixtures were incubated for 5 min at room tempera-
ture. Reactions were quenched with the addition of Tris pH 8 (20 mM final)
followed by 15 min on ice. For sample to be run on SDS-PAGE gel, Laemmli
buffer was added prior to loading on to 4–12% SDS-PAGE gels (Invitrogen).
Mass Spectrometry analysis was performed as described in reference (43). 10 μL
of the crosslinked complex was digested by addition of 10 μL trypsin/LysC mix
(0.11 μg/μL - Promega) and held overnight at 37 °C. Digests were stored at
-80 °C for subsequent MS analysis. Protein digests were analyzed by LC/MS on a
Q Exactive Plus mass spectrometer (Thermo Fisher Scientific) interfaced with
an M-Class nanoAcquity UPLC system (Waters Corporation) equipped with a
75 μm × 150 mm HSS T3 C18 column (1.8 μm particle, Waters Corporation)
and a C18 trapping column (180 μm × 20 mm) with 5-μm particle size at a
flow rate of 450 nL/min. The trapping column was in-line with the analytical col-
umn and upstream of a microtee union which was used for venting, trapping,
and as a liquid junction. Trapping was performed using the initial solvent com-
position. 5 μL of digested sample was injected onto the column. Peptides were
eluted by using a linear gradient from 99% solvent A (0.1% formic acid in water
[vol/vol]) and 1% solvent B (0.1% formic acid in acetonitrile [vol/vol]) to 40%
solvent B over 70 min. For the mass spectrometry, a top–ten data-dependent
acquisition method was employed with a dynamic exclusion time of 15 s and
exclusion of singly charged species. The mass spectrometer was employed with
a nanoflex source with a stainless-steel needle and used in the positive ion
mode. Instrument parameters were as follows: sheath gas, 0; auxiliary gas, 0;
sweep gas, 0; spray voltage, 2.7 kV; capillary temperature, 275 °C; S-lens, 60;
scan range (m/z) of 375–1,500; 1.6 m/z isolation window; resolution: 70,000
(MS), 17,500 (MS/MS); automated gain control (AGC), 3 × 10e6 ions (MS),
5 × 10e4 (MS/MS); and a maximum IT of 100 ms (MS), 50 ms (MS/MS). Mass
calibration was performed before data acquisition using the Pierce LTQ Velos
Positive Ion Calibration mixture (Thermo Fisher Scientific). The LC/MS raw data
were first converted to an MGF format using Mascot Distiller from Matrix Science
and then analyzed using the Batch-Tag Web function of the ProteinProspector
web-based software developed by the UCSF Mass Spectrometry Facility. The
MGF file was searched against sequences for the recombinant Twinkle Helicase
by employing the User Protein Sequence field with other search parameters
including: tryptic specificity and three missed cleavages; precursor charge range
of 2, 3, 4, and 5; monoisotopic values; parent mass tolerance of 20 ppm and
fragment mass tolerance of 50 ppm; oxidation of methionine as a variable modi-
fication; and in the Crosslinking field, the Link Search Type was defined as DSS.
The putative crosslinked peptide output was triaged by limiting the mass error
of putative crosslinks to two SDs from the average error (∼5 ppm); requiring a
Score Difference value >4 except for the cases of intermolecular crosslinks of
identical peptides or peptides ≤3 amino acid residues; and total expectation
values below 1 × 10�4.

Molecular Dynamics Simulations. The initial model of the WT system was
constructed by mutating L315 to W using Coot. For the preparation of starting
configurations of molecular dynamics trajectories, which were based on PDB ID:
7T8B, missing protons were introduced by using the leap module of Amber.18
(44), six Na+ counter ions were added to the dimer system, and the systems
were solvated in a box of TIP3P water (45) with the box boundary extending to
20 Å from the nearest protein atom (resulting in a total of 186,579 atoms in the
rectangular simulation box). Based on their local environment (by manually
examining the potential for making hydrogen bonds with the neighboring resi-
dues), histidine residues 67, 405, 503, 512, and 552 were selected to be
δ-protonated while the rest of the histidine residues were ε-protonated. There
were 102 Na+ and 102 Cl� ions added to the solution providing the 100 mM
effective salt concentration closer to the physiological conditions. Prior to equili-
bration, the solvated system was sequentially subjected to (1) 500 ps of dynam-
ics of water and all ions with fixed (or frozen) protein, (2) 5,000 steps of energy
minimization of all atoms (the first 2,000 steps with the steepest descent
method followed by the conjugate gradient method for the rest), (3) an initial
constant temperature (300 K) � constant pressure (at 1 atm with the isotropic
position scaling) dynamics at fixed protein to assure a reasonable starting
density (∼1 ns) while keeping the protein positions under constraints with a
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10 kcal/mol force constant for 50 ps, (4) a conjugate-gradient minimization for
1,000 steps, (5) step-wise heating (from 0 to 300 K in 3 ns) MD at constant
volume, and (6) constant volume simulation for 10 ns with a constraint force
constant of 10 kcal/mol applied only on backbone heavy atoms. After releasing
all constraining forces within the next 40 ns equilibration period, sampling was
increased by performing 5 independent molecular dynamics simulations for
1.20 μs at constant temperature (300 K) and constant volume. The constant tem-
perature was maintained using the Langevin dynamics with the collision
frequency of 0.5 ps�1. A similar protocol was adopted for the five 1.20 μs trajec-
tories of both the Twinkle WT and W315L. The box dimensions were around
137.49 Å × 111.23 Å × 124.15 Å. For monomer simulations, three Na+ coun-
terions were added. There were additional 84 Na+ ions and 84 Cl� ions provid-
ing an effective salt concentration of 100 mM. Total number of atoms of the
WT-monomer system was 147,576. Five 1.20 μs independent simulations were
performed for each of the WT and the W315L monomer systems. All trajectories
were calculated using the PMEMD module of Amber.18 with 1-fs time step.
Long-range coulombic interactions were handled using the PME method (46)
with the cutoff of 10 Å for the direct interactions. The amino acid parameters
were selected from the FF14SB force field (45, 47) of Amber.18. RMSD, RMSF,
dynamic cross correlation matrices, and other analysis were performed using the
CPPTRAJ module (48) of Amber.18 in conjunction with some in-house programs.
At the salt concentration of 100 mM with the standard parameters, the
MM/GBSA module, with the standard parameters, was used to estimate residue-
residue interaction energies for all protein residues. A total of 6,000 configura-
tions selected at each nanosecond from the five 1.2 μs MD trajectories for both
the WT and W315L mutant dimer systems. All residues were used in the
MMGBSA energy decomposition.

Data Availability. The cryo-EM maps and atomic coordinates have been
deposited in the Electron Microscopy Data Bank (EMD ID: 25743, 25744,
25746) (50–52) and Protein Data Bank (PDB ID: 7T8B and 7T8C) (53,54).
Materials, such as gels or molecular simulations, are available upon request to
the corresponding author. All study data are included in the article and/or
SI Appendix.
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