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Marta Acebró n-Garcı́a-de-Eulate, 

Joseph D. Barritt, Doryen Bubeck, 

Sarah L. Rouse

Correspondence

joseph.barritt@astx.com (J.D.B.), 
d.bubeck@imperial.ac.uk (D.B.), 
s.rouse@imperial.ac.uk (S.L.R.)

In brief

Xu et al. report cryo-EM structures of the 

AAV packaging motor bound to the empty 

capsid and marker DNA. The motor-

capsid complex reveals a hidden ATP-

binding site as part of capsid structural 

changes pre-packaging, while the motor-

DNA complexes show how oligomeric 

transitions drive DNA unwinding and 

insertion during genome packaging.

Xu et al., 2026, Cell Reports 45, 117044

March 24, 2026 © 2026 The Authors. Published by Elsevier Inc. 
https://doi.org/10.1016/j.celrep.2026.117044 ll

mailto:joseph.barritt@astx.com
mailto:d.bubeck@imperial.ac.uk
mailto:s.rouse@imperial.ac.uk
https://doi.org/10.1016/j.celrep.2026.117044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2026.117044&domain=pdf


Article

Structural basis for Rep-mediated 
adeno-associated virus packaging

Victoria Xu, 1,2 Aiysha McInnes, 1 Matthew Wake, 2 Marta Acebró n-Garcı́a-de-Eulate, 2 Joseph D. Barritt, 1,3, * 
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SUMMARY

Adeno-associated viruses (AAVs) are parvoviruses utilized as gene therapy vectors. However, the AAV pack-

aging mechanism is unresolved at the molecular level, creating a bottleneck for vector manufacturing, safety, 
and efficacy. Here, cryo-EM structures of the Rep helicase packaging motor in complex with the packaging 
marker DNA (ITR) and the Rep-AAV8 capsid complex are presented. Rep-ITR complexes reveal dynamic olig-

omeric states on the DNA, elucidating the strand separation mechanism coupled to its ATPase cycle. We 
observe Rep preferentially bound to empty capsids, with a binding interface likely conserved across the virus 
family. This complex also unveils a cryptic capsid ATP-binding site which, alongside Rep binding, triggers struc-

tural rearrangements priming the capsid for packaging. Collectively, these findings advance the understanding 
of Rep-mediated packaging, with significant implications for parvovirus virology and viral vector design.

INTRODUCTION

Adeno-associated viruses (AAVs) use replication (Rep) motors to 

package DNA for gene therapy. AAVs are primate-infecting, non-

pathogenic viruses, making them ideal viral vectors for healthcare 

applications. 1–3 Indeed, there are 7 FDA/EMA-approved AAV-

based gene therapy products and over 230 clinical trials world-

wide. 4 Advancements in vector engineering have improved 

efficacy and tissue specificity, 5,6 while suspension cell lines offer 

improved yield. 7,8 However, AAV packaging is an inefficient 

process that varies with DNA payload, host cell, and helper virus 

identity. 9–13 Inefficient packaging combined with manufacturing 

challenges pose major barriers to the widespread application of 

AAV-based therapies. Consequently, recent studies have targeted 

Rep motors for engineering to enhance packaging, 9,14–16 despite 

incomplete understanding of the process. Molecular understand-

ing of DNA packaging is therefore crucial for our ability to increase 

safety, efficacy, and reduce the production cost for AAV-based 

gene therapies.

As members of the non-enveloped virus Parvoviridae family, 

AAVs package by inserting their ssDNA genome into empty cap-

sids via molecular motors. 17 The AAV genome is flanked by in-

verted-terminal-repeats (ITRs), which fold into DNA hairpins 

(Figure S1A). They serve as ‘‘packaging signals’’ for the 

DNA. 18–21 Within the genome, open reading frames encode 

non-structural proteins 22–24 and structural capsid proteins 

(VP1/2/3) 25 (Figure S1B). The non-structural Rep proteins are 

central to virus generation. There are four isoforms of Rep where 

large Reps (78/68) nick and unwind DNA during AAV genome

replication, while small Reps (52/40) package single-stranded 

DNA into empty capsids. 17,26 They share a core helicase domain, 

comprising oligomerization and AAA+ ATPase subdomains 

(Figure S1C). Consistent with their role during replication, large 

Reps have an additional origin binding domain that connects 

to the helicase domain through an oligomerization linker. 27 

Meanwhile, zinc-finger domains not involved in DNA binding 

can be found in both small and large Reps (Rep52/Rep78). 28 

Reps are involved in transcription, replication, and packaging 

stages of the viral life cycle. AAV replication depends on helper 

virus proteins to regulate the cell cycle, while host machinery 

and Rep proteins coordinate DNA synthesis and processing. 29,30 

Large Reps with origin binding domains specifically bind the Rep 

binding element on the ITR, subsequently recruiting cellular 

replication complexes such as DNA polymerase δ and the 

MCM complex. 30–32 Rep and host helicases coordinate unwind-

ing during replication. 31 Furthermore, large Reps facilitate DNA 

processing by nicking the terminal resolution site and covalently 

attaching to the new 5 ′ end. 33,34 These tasks are performed un-

der different oligomeric states. Structural studies show the 

Rep68 origin binding domain forms trimers-of-dimers, while its 

helicase domain forms heptamers on double-stranded AAV inte-

gration site DNA. 35,36 On single-stranded DNA, the origin binding 

domain are monomers or octamers, while helicase domains form 

heptamers or hexamers. 35,37 Following replication, small Reps 

then act as motors that work from 3 ′ to 5 ′ to pump the ITR-

DNA across the 5-fold capsid pore. 17,38,39 Crystallographic 

structures of monomeric Rep40 bound to ADP and Mg 2+ re-

vealed that ATP hydrolysis requires oligomerization. 40,41
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However, how oligomeric small Reps unwind and insert ITR-

DNA during packaging remains unresolved. Furthermore, inter-

action studies show that the Rep helicase domain and capsid 

form a ‘‘pre-encapsidation complex’’ prior to DNA insertion. 17,26 

However, how small Reps bind the capsids and ITR-DNA for 

packaging remains unknown at the structural level.

In this study, we set out to understand how the small Rep 

(Rep40) engages both the ITR and the capsid to facilitate pack-

aging. We use cryo-electron microscopy (cryo-EM) to determine 

the structure of Rep40 of AAV2, a serotype used ubiquitously in 

therapeutic AAV production. We present a series of Rep40 struc-

tures bound to the ITR and in different ATP states to provide mo-

lecular snapshots of ITR engagement, melting, and translocation. 

Additionally, our cryo-EM structure of Rep40 bound to the clinically 

relevant serotype AAV8 shows how Rep helicases dock onto the 

5-fold of empty capsids in preparation for packaging. The motor-

capsid structure also reveals a capsid ATP site that may influence 

capsid functions. Together, our structural data provide mecha-

nistic insights into genome encapsidation of an important viral 

gene therapy vector.

RESULTS

Rep40 helicase binds the hairpin ITR as heptamers and 

hexamers

To understand how Rep40 uses its oligomeric states to carry out 

helicase functions on the ITR packaging marker, we captured

Figure 1. Cryo-EM structure of AAV2 Rep40 

bound to 5 ′ ITR

(A) Map-model overlay of heptameric Rep40 in 

complex with the dsDNA region of ITR. Two views 

rotated 90 ◦ . Three compacted subunits contact 

dsDNA (passive strand, purple; tracking strand, 

green). AAA+ and oligomerization domains (OD) of 

Rep40 are indicated.

(B) Three ATP-binding sites bridge the compacted 

subunits in the heptamer. Arrow indicates the 

ATPase cycle. Subunits are labeled and colored 

as in (A). Density for each ATPγS is shown (inset).

(C) DNA-binding loop (pre-sensor-1-β-hairpin 

[PS1βH]) of the heptamer positioned along 

dsDNA. ATP-binding state for each heptamer 

subunit is labeled.

(D) Map-model overlay of hexameric Rep40 in 

complex with the ssDNA region of ITR.

(E) Six ATP-binding sites bridge the compacted 

subunits in the hexamer. Arrow indicates the 

ATPase cycle. Subunits are labeled and colored 

as in (D). Density for each ATPγS is shown (inset).

(F) DNA-binding loop (PS1βH) of the hexamer 

positioned along ssDNA. ATP-binding state for 

each hexamer subunit is labeled.

See also Figures S1–S3.

and visualized complexes by cryo-EM. 

As AAV2 Rep40 forms transient oligo-

mers, 42 an N-terminal oligomerization 

linker from Rep78/68 27 (aa 201–224) 

was incorporated into our Rep40 

construct and is hereby referred to as Rep40 (Figures S1C and 

S1D). Using mass photometry, we observed that Rep40 exists 

in several oligomeric states, ranging from dimer and trimer to 

hexamer, heptamer, and octamer in a concentration-dependent 

manner (Figure S1E). Notably, we did not detect tetrameric or 

pentameric species for Rep40. Cryo-EM analysis of Rep40 in 

complex with AAV2 5 ′ ITR and ATPγS showed Rep40 forms 

both heptamers and hexamers when bound to DNA (Figures 1 

and S2), similar to those observed for the Rep68 helicase 

domain. 35,36 For all resolved Rep40-ITR complexes, the N-termi-

nal oligomerization domain forms a star-shaped collar, while the 

AAA+ lobes assume a compact or relaxed conformation depen-

dent on nucleotide-binding state (Figure 1). Additionally, consec-

utive nucleotide binding on adjacent Rep40 molecules induces 

compaction of subunits, resulting in asymmetric arrangements 

about the central DNA axis. Using 3D classification of images 

(Figure S2), we resolved structures of heptameric Rep40 bound

to dsDNA at 2.8 A ˚ (Figures 1A–1C) and hexameric Rep40 bound

to ssDNA at 2.4 A ˚ (Figures 1D–1F; Table S1).

Our structures show how Rep’s ATPase cycle allosterically af-

fects gripping of the ITR-DNA. ATP binding triggers compaction 

of the AAA+ domain toward the lumen, which positions the pore 

loops (pre-sensor-1-beta-hairpin [PS1βH] and φ-loop) for DNA 

binding. In the heptamer-dsDNA complex, the tracking strand 

is engaged by the pore loops of the three nucleotide-bound sub-

units (A, B, and C; Figures 1B and 1C). The ATPase cycle starts 

when ATP binds to subunit A, where the Arg-finger (R444) of
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subunit B contacts the γ-phosphate to prepare it for hydrolysis 

(Figure S3A). This active state is maintained for one step in the 

cycle before hydrolysis occurs in the next subunit (subunit C). 

In contrast, in the hexamer, the ssDNA is engaged by the pore 

loops of all six nucleotide-bound subunits (Figures 1E and 1F). 

Here, the newly bound ATP is held for four steps before being hy-

drolyzed at the fifth step (subunit E; Figure S3B). Comparing the 

two assemblies, the ATPase cycle is shorter in the heptamer 

(three steps) than in the hexamer (six steps). These structures 

reveal how Rep40 tunes its oligomeric state to accommodate 

ds- and ssDNA regions of the ITR for melting and translocation.

Rep40 couples ATP hydrolysis to dsDNA distortion and 

ssDNA translocation via a pore-loop network

To understand how the ATPase cycle impacts Rep40 binding to 

ITR dsDNA, we investigated the DNA interactions in detail. In the 

heptamer, each of the three nucleotide-bound subunits provides 

a set of pore loops to engage dsDNA (Figures 2A and 2B). The 

three subunits’ pore loops are held in a spiral staircase arrange-

ment through inter-locking salt bridges positioning K404 and 

N361 for DNA backbone binding (Figures 2B, 2D, and S3C). 

Spacing between PS1βH and φ-loops is maintained by the bulky 

F364 (Figure 2B), a residue that has been shown to be essential 

for duplex melting by Rep68. 36 The pore-loop network also in-

serts C405 into the minor groove, which may contribute to 

duplex distortion during ATP hydrolysis (Figure 2E). Conversely, 

DNA contacts within the oligomerization domain are non-

consecutive, involving 2 bp on the tracking strand and 1 bp on 

the passive strand (Figures 2C and 2D). In summary, our struc-

ture shows how heptameric Rep40 binds dsDNA and provides 

a model for how the pore-loop wedges deform the minor groove.

By contrast, hexameric Rep40 forms a narrow lumen and uses 

all six sets of pore loops for ssDNA binding (Figures 2F and 2G). 

These pore loops form a right-handed helical arrangement along 

the tightly wound ssDNA backbone, forcing DNA base stacking 

and a 6-bp pitch. Cysteine residues within the pore loops (C405) 

directly bind DNA bases, consistent with a role in sensing DNA po-

larity. Subunit A also binds DNA via beta-hairpin-2 (βH2). The 

ssDNA interactions span 10 bp, forming extensive interactions 

with the backbone and base components of DNA (Figure 2H). 

While these structures resolved discrete oligomeric states of 

the complex, helicases are dynamic molecular machines. To 

investigate the molecular mechanism of ssDNA translocation, 

we further classified images of the hexameric complex 

(Figure S4A). Comparing these states, we observe motions in 

which subunit F AAA+ lobe rotates ∼20 ◦ upon releasing ADP 

(Figure 2I and S3D–E). This triggers the dissociation of DNA con-

tacts at the 3 ′ end, while ATP re-binding allows DNA binding at 

the subsequent 5 ′ base pair (Figure S3F). This mechanism 

supports a translocation stoichiometry of one base pair per 

ATP hydrolyzed. Together, these structural analyses explain 

the mechanism by which hexameric Rep40 translocates ssDNA 

in a sequential and directional manner.

Putative mechanism for DNA melting by Rep40

We identified a sub-population (∼7%) of hexameric Rep40 par-

ticles bound to double-stranded DNA in our cryo-EM dataset 

(Figures 3A and S4B). To resolve heterogeneous DNA features 

within this subgroup, we used 3D variability analyses to investi-

gate molecular motions of the complex. Our analyses show 

that as the hexamer transitions from three to four compacted 

subunits, the duplex dsDNA undergoes melting resulting in

A

C
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G

F

I

B

H

D

Figure 2. Rep helicase couples ATP hydro-

lysis with ITR distortion and translocation

(A) Cross-section of the map-model overlay for 

Rep40 heptamer in complex with dsDNA of the 

ITR and ATPγS. DNA duplex with tracking (green) 

and passive (purple) strands colored.

(B) DNA-binding loops PS1βH and φ-loop of 

subunits A (purple), B (pink), and C (light green) 

engage the tracking strand. Interacting residues 

are shown as sticks.

(C) Oligomerization domain DNA interactions. 

Subunits colored (A, purple; B, pink; C, light green; 

D, tan; E, orange; G, dark green). Interacting res-

idues are shown as sticks.

(D) ITR schematic showing bases of the tracking 

(green) and passive (purple) strands that contact 

specific subunits (rectangles colored as in (B) and 

(C)).

(E) Minor groove interaction with PS1βH loops of 

subunits A (purple), B (pink), and C (light green).

(F) Cross-section of the map-model overlay for

Rep40 hexamer in complex with ssDNA of the ITR 

(lime green) and ATPγS.

(G) PS1βH and φ-loop of subunits A (purple), B (pink), C (light green), and D (tan) bind ssDNA (lime green). Interacting residues are shown as sticks.

(H) Schematic showing ssDNA that contacts specific subunits. Backbone interactions are indicated by rectangles; nucleotide base interactions are shown by 

triangles (subunits colored as in (G)).

(I) Superposition of three ssDNA-bound hexamer maps in different states of translocation. 

See also Figures S2 and S4.
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forked DNA (Figures 3A–3C). The duplex was best resolved in re-

constructed frame 18 of 3D variability analyses and thus used for 

model fitting of the hexamer-duplex complex (Figures 3B and 

S4C; Table S1). Compared to the ssDNA complex, the duplex-

bound hexamer has a more constricted oligomerization domain. 

Consequently, B-form dsDNA is sterically strained.

3D variability analyses highlighted the complexity of Rep40 

conformations bound to the ITR. We next used the output of 

these analyses to seed subsequent classification and refinement 

of this particle subgroup to solve the hexamer-melting complex 

(Figures 3C and S4D; Table S1). Similar to the ssDNA complex, 

the tracking strand of DNA in the melting complex is tightly 

wound with stacked bases. To understand what triggers strand 

melting, we compared DNA interactions between the duplex-

and melting-hexamer complexes. The number of subunits con-

tacting the DNA increases from three to four upon unwinding. 

The four ATP-bound compacted subunits of the melting com-

plex contribute an additional set of pore loops, which interact

with the tracking strand and may contribute to distortions that 

facilitate strand separation. Although the passive strand is not 

well resolved beyond the fork nexus, its proximity to subunit 

D’s PS1βH is consistent with guided exit from the helicase lumen 

(Figure 3C). To investigate if Rep40 forms higher-order oligomers 

on the ITR, Rep40-ITR particles were re-extracted from the raw 

micrographs with a larger box size (Figure 3D). 2D classification 

of these images revealed the presence of head-to-tail and head-

to-head stacked Rep helicase rings (Figure 3E). Together, these 

snapshots of ITR-Rep40 assemblies reveal a multi-step melting 

mechanism in which (1) the heptamer docks on dsDNA and intro-

duces minor distortions to the duplex, (2) loss of one subunit 

constricts the pore, (3) ATP-driven compaction of an additional 

nucleotide-bound subunit promotes duplex separation, and (4) 

the resulting hexamer drives fork migration through steric exclu-

sion of the passive strand (Figure 3F). This progression under-

scores how increasing nucleotide occupancy dictates oligomer 

geometry to drive changes in oligomeric state and DNA binding.

Figure 3. dsDNA melting mechanism by hexameric Rep

(A) Map-model overlay of the duplex dsDNA-bound (left) and forked DNA-bound (right) hexamers. View from top down, with the compaction of a 4 th subunit (red 

arrow) correlating with duplex melting.

(B) Map-model overlay of the hexamer-duplex complex (top panel) and DNA-binding interactions (bottom panel). Interacting residues are shown as sticks. 

Residues (colored according to their subunit identity) and their interacting strands (tracking, lime green; passive, purple) are labeled along the periphery of the 

inset. Subunits A (purple), B (pink), C (light green), and E (orange) are shown.

(C) Map-model overlay of the hexamer-melting complex (top panel) and DNA-binding interactions (bottom panel). Interacting residues are shown as sticks. 

Residues (colored according to their subunit identity) and their interacting strands are shown. Subunits A (purple), B (pink), C (light green), D (tan), E (orange), F 

(gray), and G (dark green) are shown.

(D) Micrograph showing higher-order Rep40 oligomers on ITR. Scale bar is 150 nm in length.

(E) 2D class averages of double-stacked rings. Scale bar is 120 angstroms in length.

(F) Schematic of dsDNA melting mechanism. Heptamers load on dsDNA, the transition to hexameric Rep melts dsDNA, and hexameric Rep translocates ssDNA. 

See also Figures S2 and S4.
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Figure 4. Pentameric Rep40 binds empty AAV8 capsid 5-fold pores

(A) Cryo-EM structure of the Rep40-AAV8 capsid complex. Icosahedral symmetry axes (5-, 3-, and 2-fold) are indicated by shapes. Cross section (right) shows 

Rep pentamers on capsid 5-fold pores. Rep40 oligomer colored by subunit (A, purple; B, pink; C, light green; D, tan; E, orange). AAV8 capsid is gray.

(B) Map-model overlay of the ordered Rep40 (purple, ribbons) and AAV8 VP3 (gray, ribbons) zoomed in on the 5-fold capsid pore.

(C) Superposition of AAV8 (dark blue; PDB ID: 6v12) with the Rep (purple)-bound AAV8 (gray) complex showing rotation of the AAV DE loop tips (indicated by red 

arrows). Lower panel shows residues involved in stabilizing the DE loop position in the Rep-bound structure.

(D) Same superposition as in (C) but highlighting the 2-fold axis ADP-binding site. The VR-IX loop residues are shown as sticks; the Rep-bound AAV8 VR-IX loop is 

highlighted in yellow (left panel). 2-fold VR-IX loop re-arrangement creates an aromatic cage (shown as sticks) in the Rep40-bound structure (right panel).

(E) Capsid VP3 residues that bind ADP and Mg 2+ . The proposed Arg finger (R727) is highlighted.

(F) Residues involved in binding Rep40 β-hairpin-2 (purple). The hairpin binds the HI loop from one capsid monomer (VP, gray) and the DE loop from a second 

capsid monomer (yellow). Interacting residues are shown as sticks.

(G) Cryo-EM map of the locally refined, asymmetric Rep40-AAV8 pentameric complex. 5-fold symmetry axis is shown as a geometric shape. Insets show density 

for ADP between Rep40 dimers.

(legend continued on next page)
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Rep40 helicase docks on AAV8 capsid 5-fold pore as a 

pentamer

To understand how Rep40 binds the capsid to deliver the ITR-

marked genome, we used cryo-EM to solve the structure of 

Rep40 in complex with AAV8. We incubated Rep40 together 

with AAV8, ATPγS, and mild crosslinker BS3 to stabilize the mo-

tor-capsid complex. Imposing icosahedral symmetry, we solved

the structure of the complex to 1.9 A ˚ (Figure 4; Table S2). We

observe density corresponding to a Rep40 pentamer bound to 

each 5-fold vertex of the virus capsid (Figures 4A and S5). 3D clas-

sification of particles without symmetry showed that 94.4% of 

AAV8’s 5-fold vertices are occupied by Rep40 (Figure S5). Recog-

nizing that the AAV8 sample contains a mixture of empty and full 

capsids, we used 2D classification of images to separate capsids 

based on levels of interior DNA density. We show that while empty 

capsids have clear signal for Rep40, density for Rep40 was weak 

on DNA-loaded capsids (Figure S5). These data provide the first 

experimental evidence that Rep40 preferentially binds empty 

capsids.

Rep40 binds the empty AAV8 capsid via the core AAA+ 

domain. Lower resolution in the Rep40 oligomerization domain 

relative to the AAA+ domain within the symmetrized map 

indicates flexibility and asymmetry (Figures 4A and 4B). This 

suggests that, rather than the oligomerization domain, capsid 

binding drives Rep pentamerization. Specifically, five Rep 

β-hairpins (aa 423–445, βH2) insert between the capsid protein 

DE loops that form the 5-fold pore (Figure 4C). The inserted 

Rep40 βH2 is stabilized by H-bonds with the capsid DE loop 

and HI loop, resulting in an intermolecular anti-parallel 

β-sheet (Figures 4C and 4F). Rep binding also twists the capsid 

DE-loop tips (E330), resulting in constriction of the 5-fold pore 

entrance and widening of the base (Figures 4C and S6A). 

Consequently, interior electrostatics of the capsid are remod-

eled, exposing a basic patch at the rim, consistent with a role 

in DNA funneling (Figure S6B). Taken together, insertion of 

Rep’s βH2 into the capsid 5-fold pore primes the capsid for 

packaging by widening the base of the pore and changing 

the interior electrostatics, while constricting the pore tips to 

deter nonspecific DNA threading.

Rep40-binding reveals a cryptic ATP-binding site on the 

empty capsid 2-fold

By comparing our structures of full AAV8 and Rep40-bound 

empty AAV8, we discovered a rearrangement of the variable re-

gion 9 (VR-IX; Figure S6C). The VR-IX loops on Rep40-bound 

empty AAV8 are ‘‘unbuckled,’’ flipping away from the 2-fold sym-

metry partner and weakening capsid boundaries (Figure 4D, left 

panel). In this arrangement, the phenol-ring of Y707 is stacked 

on top of an extra density, assigned as the adenine ring of an 

ADP. The adenine ring is nestled in an aromatic cage (Y733, 

Y703, Y707, and Y708), with Y707 acting as a lid by forming 

π-stacking interactions (Figure 4D, right panel). The adenine ring

is also H-bonded by T704 together with N706 from the opposing 

2-fold partner (Figure 4E). The phosphates are coordinated by 

Mg 2+ and bound by G730 and S564. The Mg 2+ ion is also coordi-

nated by E567 and S564, residues potentially involved in ATP hy-

drolysis (Figure 4E). Given its proximity to the ADP and dual side 

chain conformations, we suggest that R727 may act as an Arg 

finger, sensing γ-phosphates (Figures 4E and S6D). This putative 

ATP site exhibits features of Walker ATPases: aromatic cage, po-

lar phosphate sensor (S564), acidic Mg 2+ coordinator (E567), and 

Arg finger (R727). 43,44 In summary, our structure reveals a cryptic 

ATP-binding site on the 2-fold plateau of the Rep40-bound empty 

AAV8 capsid, suggesting that ATP may serve as an allosteric 

modulator of the capsid.

Capsid bound Rep40 pentamer adopts multiple 

conformations

To explore potential symmetry mismatches in Rep40 binding, we 

used symmetry expansion of our icosahedral reconstruction fol-

lowed by asymmetric local refinement of 5-fold vertices 

(Figure S5). 3D classification of symmetry expanded particles 

showed that Rep40 pentamers were arranged asymmetrically 

on capsids outside of the inserted βH2 ‘‘pins’’ (Figure 4F). A 

continuous flexibility analysis revealed dynamic dimerization of 

pentamer subunits held together by ADP binding (Figure 4G). 

When viewed as a series, dimers switch sides like a paper for-

tune teller, with βH2 as pivot points anchored to the 5-fold 

pore (Video S1). In addition, there are minor movements in the 

protruded VR-I and VR-VI loops on the capsid influenced by its 

interaction with the Rep40 AAA+ domain. The Rep40 AAA+ 

lumen is sealed in these asymmetric pentamers. Further refine-

ment of the best resolving class to 2.2 A ˚ revealed planarly ar-

ranged PS1βH loops sealing across the capsid 5-fold pore 

(Figure 4H). The planar arrangement of the pore loops and 

absence of a continuous ATPase cycle suggest the pentameric 

form of Rep is not in DNA-binding mode. Together, Rep40 bind-

ing not only alters the shape of the 5-fold pore but also seals the 

entrance to prevent non-specific DNA packaging.

Rep40 and ADP binding triggers additional capsid interior re-

arrangements. Both nucleotide binding at the capsid 2-fold (VR-

IX) and Rep binding at the 5-fold (HI loop) rearrange the βI strand 

underneath (Figures S6E and S6F). This shift affects the capsid 

C terminus and the VR-III-βF ‘‘wire’’ that directly binds the 

nucleotide (via R392; Figure 4E). The wire spans the 3-fold pro-

trusions and base of the 5-fold pore. These interactions form an 

allosteric relay, coupling nucleotide occupancy and Rep bind-

ing to the structural state of the 5-fold packaging pore. These 

rearrangements affect neighboring pieces, communicating sur-

face binding events across the capsid (Figure S6G). In sum-

mary, Rep40 binding alters the capsid pore size, seals the 

entrance and, together with nucleotide binding, triggers struc-

tural rearrangements to prime the pre-formed AAV capsids for 

packaging.

(H) Cryo-EM map of the locally refined, asymmetric Rep40-AAV8 vertex. Circled region and inset show sealing of the pore lumen by Rep40 PS1βH loops. Rep40 

colored by subunit and capsid colored as in (A).

(I) Schematic of DNA packaging by Rep40.

See also Figures S5–S7.
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DISCUSSION

Our work captures multiple snapshots along the Rep-mediated 

DNA melting process and clarifies the later stages of the model 

proposed for Rep68. 36 Hexamers are the active form of many 

viral helicases for internal melting, 45–47 steric extrusion driven 

fork migration and progressive translocation. 48,49 ‘‘Docking’’ 

heptamer to ‘‘active’’ hexamer transitions have been reported 

for several other helicases including RuvB, 50 the bacteriophage 

T7 gp4, 51 and mitochondrial Twinkle. 52 By contrast, some viral 

helicases such as SV40 LTag, 45 papillomavirus E1, 49 and MpoxV 

E5 46 use double hexamers for origin melting. We also observe 

higher-order oligomers of Rep40 bound to ITR. Therefore, we 

propose head-to-head heptameric Rep helicases can locally 

melt dsDNA, allowing effective hexamer-driven strand separa-

tion in the absence of existing overhangs.

Our structures demonstrate the versatility of Rep40 in adopt-

ing distinct oligomeric states for its helicase and packaging 

roles. We resolved the first parvovirus motor-capsid complex, 

showing that Rep binds the empty capsid as a pentamer via 

βH2. The dependence of Rep pentamer formation on capsid 

5-fold templating, rather than oligomerization ‘‘latch’’ linker, 27 

may explain the high packaging efficiency of small Reps. While 

large Reps typically form hexameric or heptameric rings via 

‘‘latch’’ linkers, small Reps are typically monomers in solu-

tion, 23,53 free to assemble into the pentamers on empty capsids. 

In addition, the orientation of the pentameric Rep bound to AAV 

capsid is consistent with 3 ′ to 5 ′ directionality of packaging 17 and 

agrees with mutagenesis studies showing the importance of the 

5-fold pore in genome packaging. 38,39 Based on our structure, a 

packaging efficient Rep mutant identified previously 14 (Q439T) 

likely affects βH2-capsid interactions. We also show capsid 

VR-I protrusions potentially bind Rep, corroborating mutagen-

esis studies showing its importance for 5-fold pore dynamics 

and packaging. 54,55 Furthermore, based on sequence and struc-

tural prediction analysis (Figure S7), we anticipate conservation 

of this Rep-capsid complex across the vertebrate parvoviruses, 

including human B19, bocavirus, and non-primate parvoviruses. 

Taking our structures together, we propose an encapsidation 

model where the capsid-bound Rep pentamer serves as a dock-

ing platform for the ITR-bound heptamer (Figure 4I; Video S2). 

Upon association, the heptamer shuffles a subunit into the pen-

tamer, transforming the inactive ‘‘cap’’ into a hexameric, capsid-

anchored motor. Simultaneously, subunit loss in the ITR-bound 

heptamer triggers duplex melting and initiates ssDNA insertion. 

Consistent with our priming complex, we anticipate Rep oligo-

meric transitions to allosterically regulate capsid dynamics at 

packaging initiation. Viruses package a single copy of their 

genome by restricting DNA insertion to a single vertex. For icosa-

hedral viruses without a unique portal protein such as AAV, all 

5-fold pores are potential packaging sites. While Rep proteins 

dock indiscriminately across all twelve pores, we speculate 

that once the first active motor forms at a single pore, it alloste-

rically inactivates the remaining pores. The symmetry mismatch 

between the hexameric Rep motor and the pentameric capsid 

pore parallels dsDNA viral packaging systems. 56–58 Further-

more, Rep’s transition from a symmetric docking ring to an 

asymmetric spiral assembly on DNA mirrors the conformational

shifts of phage large terminase motors. 58 Critical questions 

remain regarding packaging initiation. Since small Rep proteins 

are promiscuous translocases and large Reps target both ITR 

arms, 3 ′ ITR selection for packaging initiation may involve host 

factors. Notable candidates for further investigation include 

FKBP52 and nucleophosmin. 59,60 Regardless of the ‘‘initiation 

key,’’ a model of stochastic Rep priming and initiation, combined 

with allosteric control of the remaining pores, provides a plau-

sible mechanism for single-site packaging regulation.

Finally, our discovery of a cryptic ATP-binding site on the 

Rep40-bound empty AAV8 capsid illustrates the genetic econ-

omy of this minimalistic virus. Previous studies established that 

capsid 2-fold residues are important for cell entry, pH sensing, 

endosomal escape, and transcriptional activation. 61–64 In our 

structure, these same residues bind ADP and Mg 2+ to regulate 

empty capsid dynamics during packaging. This highlights the 

2-fold axis in coordinating various capsid activities required for 

viral fitness. Furthermore, the putative ATP-hydrolysis activity in-

troduces an enzymatic perspective on these protein shells. 

Intriguingly, mutation of 2-fold residues showed no significant de-

fects in packaging. 61 As ATP concentration is also a regulator of 

phase separation, 65 it begs the question if AAV could exploit this 

for re-location between nucleolus/nucleoplasm and replication/ 

transcription hubs. In conclusion, our structures provide insights 

into AAV biology and enable future structure-informed engineer-

ing to improve DNA packaging in gene therapy vectors.

Limitations of the study

In this work, the role of the Rep helicase domain in DNA melting, 

translocation, and empty capsid binding was examined. While 

the helicase domain is central to all four Rep proteins, this study 

does not account for the influence of the origin-binding or zinc-

finger domains on these tasks. We comment on the functional 

advantage of small Reps in forming pentamers on capsids 

over large Reps; however, the distinct role of each Rep in pack-

aging remains an open question. Furthermore, although this 

model integrates observations of DNA melting and asymmetric 

pentamer flexibility, the complete active packaging complex 

involving Rep, the ITR, and the capsid remains to be resolved.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains

Escherichia coli strain LEMO21(DE3) (NEB) was cultured in LB medium with 37 ◦ C for plasmid transformation and protein expression.

Cell lines

VPC2.0 cells (Thermo Fisher, A49784) were cultured in Freestyle F17 medium (Gibco) supplemented with 20 mM GlutaMAX and 

0.001% Poloxamer 188 at 37 ◦ C in suspension for AAV packaging. Cells were authenticated using STR profiling and monitored for 

mycoplasma contamination using Lonza Mycoalert mycoplasma detection kit (Cat# LT07-318).

METHOD DETAILS

Construct design

Sequence encoding AAV2 Rep40 with an extra N-terminal sequence from Rep78/68 included for oligomer stabilisation (Rep68 res-

idues 201–224 27 ; Uniprot- P03132), equivalent to Rep68 Δ1-200, followed by a thrombin site, FLAGx3 tag and TEV cleavage site 

were cloned into a pET21a(+) backbone with 6xHis tag expression and purchased from GenScript Biotech. The AAV2 5 ′ ITR 

(GenBank accession: OP161118.1) was synthesised by GenScript Biotech.

Protein expression and purification

pET21a(+)-Rep40-FLAG-His plasmids were transformed into LEMO21(DE3) cells (NEB) and single colonies were grown at 37 ◦ C until 

OD600 reaches 0.5 where 0.2 mM IPTG was added and the culture subsequently incubated at 18 ◦ C for overnight protein expression. 

Cells were harvested the following day by centrifugation at 4500 g at 4 ◦ C for 20 min and resuspended with 50 mL/L pellet of pre-

cooled cell lysis buffer (20 mM Tris, 500 mM NaCl, 5 mM imidazole, 1 mM TCEP, 10% Glycerol and protease inhibitor; pH 7.4 at

4 ◦ C), then sonicated at 48% amplitude with 9 s-on 9 s-off cycle while kept on ice. Benzonase endonuclease was added to lysate 

per manufacturer’s instructions and incubated (10 min at 37 ◦ C) before centrifuging at 4 ◦ C, 35000 g for 30 min. The pellet was dis-

carded and supernatant was used for Ni-IMAC, AIEX and SEC purification (Figure S1D). Cell lysates were applied to a HisTrap 

HP column equilibrated in buffer (20 mM Tris, 500 mM NaCl, 5 mM imidazole, 1 mM TCEP, 10% glycerol; pH 7.4, 4 ◦ C). Bound protein 

was washed with low-imidazole buffer (20 mM Tris, 500 mM NaCl, 1 mM TCEP, 10% glycerol and 20 mM imidazole; pH 7.4 at 4 ◦ C) 

and eluted with high-imidazole buffer (all components identical except 300 mM imidazole). The eluate was diluted in imidazole-free 

buffer and subjected to AIEX on a HiTrap Q HP column using a NaCl gradient (100 mM-1 M; 20 mM Tris, 1 mM TCEP, 1 mM MgCl 2 ). 

Protein-containing fractions were concentrated with a 30 kDa MWCO spin concentrator (Amicon) and further purified by SEC on a

Continued
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UCSF ChimeraX (v1.8) Pettersen et al. 70 https://www.cgl.ucsf.edu/chimerax/

Blender Blender Foundation https://www.blender.org

Jalview (v2) Waterhouse et al. 71 https://www.jalview.org

Clustal Omega EMBL-EBI https://www.ebi.ac.uk/jdispatcher/msa/clustalo

FoldSeek van Kempen et al. 72 https://search.foldseek.com

DiscoverMP Refeyn https://refeyn.com/software-release-updates

Other

UltrAuFoil R1.2/1.3 grids Quantifoil Cat#UF1213300

HisTrap HP column Cytiva Cat#17524801

HiTrap Q HP column Cytiva Cat#17115401

HiTrap SP HP column Cytiva Cat#29051324

Superose 6 Increase 10/300 GL Cytiva Cat#29091596

Slide-A-Lyzer Dialysis Cassette Thermo Fisher Cat#66380

PES protein concentrators (100 kDa MWCO) Millipore Cat#UFC910024
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Superose 6 Increase 10/300 GL column equilibrated in buffer (25 mM Tris, 200 mM NaCl, 1 mM TCEP, 1 mM MgCl 2 , 1% glycerol; pH 

8.0, room temperature). Peak fractions were pooled, concentrated with 30 kDa centrifugal concentrators, and protein concentration 

was determined by Nanodrop (Thermo Fisher).

AAV production

The AAV genome contained human MARC1 (hMARC1) A165 driven by the ApoE/hAAT1 promoter. 73 This chimeric promoter contains 

the core promoter from the human alpha-1-antitrypsin (hAAT) gene and the enhancer/hepatic locus control region from the apolipo-

protein E (ApoE) gene. Packaging of this genome into AAV8 capsids was performed using the co-transfection of three plasmids into 

VPC2.0 cells using Polyethyleneimine reagent (DNA: PEI = 1:2). The plasmids for transfection were at 1:1:1 mass ratio with the 

genome, packaging (pAAV Rep-Cap) and helper plasmid (AAVpro system). VPC2.0 cells were grown in Freestyle F17 supplemented 

with 20mM GlutaMAX and 0.001% Polaxamer 188. Packaged AAV was purified by ion-exchange chromatography using HiTrap SP 

HP column. Briefly, transfected cells at 72 h post transfection were pelleted and sonicated with the pulse 1 second on and off at 35% 

amplitude, followed by Benzonase-based treatment (Merck). The treated cells were centrifuged to remove precipitated contami-

nants, and the supernatant was purified for AAV according to the manufacturer’s instructions. The eluted AAV was concentrated 

using PES protein concentrators (100 KDa MWCO) using formulation buffer containing glycerol and Plutonic F-68 in Dulbecco’s 

Phosphate Buffered Saline.

Cryo-EM sample preparation

For Rep40-ITR-ATPγS samples: 18 μM of Rep40-FLAG-His protein in buffer (25 mM Tris, 200 mM NaCl, 1 mM TCEP, 1% glycerol, 

1mM MgCl 2 pH 7.8) was incubated with 1 mM ATPγS and 2 μM AAV2 5 ′ ITR DNA at room temperature. For Rep40-AAV8Capsid-

ATPγS samples: 36 μM Rep40-FLAG-His, and AAV8 (1E 13 vg/mL) was incubated 1:1 v/v then 1 mM ATPγS was added and the 

mixture incubated for 5 min before dialyzing in 1L buffer (25mM HEPES, 200mM NaCl, 1% glycerol, 1 mM MgCl 2 pH 7.8) using a 

mini Slide-A-lyzer (20 kDa MWCO) on 20 ◦ C hotplate for 30 min. BS3 cross-linker was then added per manufacturer’s instructions, 

for a further 2 h incubation before making grids.

UltrAuFoil R1.2/1.3 grids were glow discharged for 90 s in air at 70% power using a NanoClean 1070 (Fischione Instruments). Vi-

trobot Mark IV plunge-freezer (Thermo Fisher) was used for grid freezing with chamber kept at 100% humidity and 25 ◦ C, the wait-time 

was set at 10s with 8s blot time, 0 blot force. 3 μL of sample were deposited on to grids, plunge-frozen in liquid ethane with setting 

described and stored in LN2.

Cryo-EM data acquisition

For Rep40-ITR-ATPγS-Mg 2+ dataset: 8,500 Movies were collected on a 300 kV Titan Krios microscope (X-FEG, Thermo Fisher) 

equipped with Gatan K3 direct electron detector, BioContinuum energy filter (20 eV slit), 70 μm C2 aperture and 100 μm objective

aperture at ×105,000 magnification (0.825 A ˚ /pix) with EPU software 3.8.1 (AFIS/FFI) at electron Biology Imaging Center eBIC (Didcot,

Oxfordshire, UK). Individual exposures were acquired at a dose rate of 16.2 e − /pix/s at a total dose of 39.9 e − /A ˚ . The nominal defocus

was between range − 0.6 μm and − 2.4 μm in 0.3 μm increments.

For Rep40-AAV8 dataset: 17,295 Movies were collected on a 300 kV Titan Krios microscope (X-FEG, Thermo Fisher) equipped with

Falcon 4i direct electron detector and TFS selectris X energy filter at ×130,000 magnification (0.931 A ˚ /pix) with EPU software 3.8.1

(AFIS/FFI) at electron Biology Imaging Center eBIC (Didcot, Oxfordshire, Uk). Individual exposures were acquired at a dose rate of 7.2

e - /pix/s at a total dose of 40 e − /A ˚ . The nominal defocus was between range − 0.6 μm and − 2.4 μm in 0.3 μm increments.

Cryo-EM processing and model fitting

Movie stacks were imported into cryoSPARC 74 v4. 4. 1 for processing, beam-induced motion was corrected by patch motion correc-

tion and CTF was estimated by patch CTF estimation.

For Rep40-ITR-ATPγS-Mg 2+ dataset (Figures S2 and S4): 8,500 Movies were imported and a subset of micrographs (381) were 

used for initial particle picking using blob picker, the extracted particles were used to generate 2D templates for Topaz (v 0.2.5) 75 

training. The Topaz model was used to extract 4,416,824 particles from the entire dataset. Particles were subjected to 2D classifi-

cation and selection to yield 2,265,855 particles which was used for Ab initio reconstruction (5 class). The classes were refined with

hetero refinement then non-uniform (NU) refinement to 2.77 A ˚ for the hexamer-ssDNA structure and 3.05 A ˚ for the heptamer dsDNA

structure. The hexamer structure is then subjected to Ab initio reconstruction (3 class) where 1 class (319,129 particles) was taken 

forward for further 3D classification (10 class) and 1 resulting class (class 3) taken forward for NU-refinement followed by reference-

based motion correction, CTF refinement and local refinement with a soft mask around the whole protein to 2.44 A ˚ (FSC 0.143, from

now on unless stated otherwise) ‘‘HexRep40-ssDNA-ATPγS-ADP-Mg 2+ ’’. The 3.05 A ˚ heptamer dsDNA structure from early NU-

refinement was further 3D classified to 10 classes and regrouped to 4 classes where 1 class (138,238 particles) was further NU-

refined to 3.07 A ˚ . It was then subjected to reference-based motion correction, CTF and local refinement with a soft mask covering

the whole protein to 2.75 A ˚ . Masks covering either half of the heptamer (3/7mer or 4/7mer) was generated from the consensus map

and separately used for signal subtraction and masked local refinement to yield a 4-mer map (2.95 A ˚ ) and 3-mer map (2.63 A ˚ ), the 2

maps were stitched together to generate a composite map in Phenix 1.21.2 ‘‘HeptRep40-dsDNA-ATPγS-ADP-Mg 2+ ’’. An earlier Hex-

amer class from the heterogeneous refinement (584,527 particles) was subjected to NU-refinement to 2.86 A ˚ . The particles were then
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3D classified and used for separate workflows: a) ‘‘Moving lobe hexamer-ssDNA workflow’’ (Figures S4A and S4B) ‘‘Hexamer-dsDNA 

workflow’’ (Figure S4B). A) All 10 classes were subjected to heterogeneous reconstruction and NU-refinement, 1 class (59,253 par-

ticles) was selected for further 3D classification (10 class), re-group (5-class) then NU-refined, resulting in 2 classes showing trans-

location states ‘‘state 2’’ (3.31 A ˚ ) and ‘‘state 3’’ (3.39 A ˚ ). B) 3D classes were re-grouped into 4 classes and NU-refined, resulting in 1

class (108,620 particles, 3.07 A ˚ ) bound to dsDNA. 3D variation (with 6 A ˚ low-pass-filter) was used to produce 3 series of movies (20 

frames each) where series 0 frame 1, 16, and 18 represented different stages of duplex melting. Fame 18 map was used to fit 

HexRep40-dsDNA-ATPγS-Mg2+ ‘‘Duplex complex’’ (Figure S4C). Frame 1, 16 and previous consensus volume (108,620 particles,

3.07 A ˚ ) was used as input volumes to 3D classify the larger set of particles from upstream processing (584,527 particles), after NU-

refinement the HexRep40-dsDNA-ATPγS-Mg2+ ‘‘Melting complex’’ was solved at 2.92 A ˚ (Figure S4D). To obtain 2D classes that

showcase higher order oligomeric states, 13,635 particles were extracted using larger (360 pix) box size and 2D classified.

For Rep40-AAV8-ATPγS-Mg 2+ dataset (Figure S5): 17,295 Movies were imported and templates from a previous screening dataset 

were used for template picking of AAV capsid particles generating 128,171 particles. 2D classification and clean up resulted in 

128,100 particles. Ab initio reconstruction (I-symmetry) of 3 classes resulted in 125,855 empty Rep40-bound capsids and 2,200

full AAV8 capsids. NU-refinement of full capsids with I-symmetry imposed resulted in 2.27 A ˚ reconstruction. NU-refinement (I-sym-

metry, symmetry relaxation by maximization) of the Rep40-bound empty capsids resulted in 2.33 A ˚ map which was improved to

1.88 A ˚ by CTF refinements and reference-based motion correction, resulting in the ‘‘Rep40-AAV8cap-ADP-Mg 2+ ’’ map. Local refine-

ment of the 5-fold vertex was performed by I-symmetry expansion of the capsid particles, particle subtraction with mask preserving

only 1/12 5-fold vertices and 3D classification in C1 into 10 classes with 6 A ˚ low-pass filter. Of the resulting classes, 5.6% (83,989

particles) were not bound by Rep40 and the rest has different asymmetrically arranged Rep40-pentamers bound. One class with

191,887 particles and 2.19 A ˚ resolution was selected for model fitting to produce ‘‘PentRep40-5foldAAV8-ADP-Mg 2+’’ model. Model

fitting was done in ISOLDE 68 using Alpha Fold 3 76 predicted Rep40 models and AAV8 (PDB = 6v12 77 ) as starting models. Waters for 

the whole capsid model were fitted in COOT (v0.9.8.96). 69 Models were refined using ISOLDE v1.9 followed by Phenix 67 v1.21.2 real 

space auto-refinement and iterated. Visualisations used ChimeraX 70 and Blender. 78

Sequence alignments and structural model predictions

Multiple sequence alignment of AAV Rep40 serotypes used Clustal Omega, 79 followed by visualisation in Jalview (v2). 71 Structural 

homologues of AAV2 Rep40 were identified with FoldSeek. 72 Structural predictions of helicase-capsid interactions for these homo-

logues used AlphaFold 3. 76

Mass photometry

The mass of purified Rep40 protein in solution was measured using TwoMP Auto (Refeyn). The mass photometer laser was warmed 

up for an hour before experiment. The objective was cleaned and sample cassette slide prepared in a dust-free manner. The cassette 

was then aligned and measurements calibrated using Neutravidin. 36 μM Rep40-FLAG-His stock in buffer (25 mM Tris, 200 mM NaCl,

1 mM TCEP, 1% glycerol, 1mM MgCl2 pH 7.8) was pre-diluted to appropriate concentrations in PBS in a 96-well V-bottom plate. 

Experiment was run in auto-mode. The Data was plotted using the DiscoverMP software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of the percentage of hexamers bound to dsDNA compared to ssDNA was done by dividing the number of particles 

belonging to the 3D classified group of dsDNA-bound hexamers (108,620) by the total number of hexamers (1,356,067) to yield 7.4%. 

The ∼20 (22) degrees angular rotation of Rep40’s AAA+ domain upon ADP-release indicated in Figure 2I was obtained by over-

laying the subunits and defining the angle between identical atoms on the center of the rotated AAA+ domains (aa 418 Ca) and a 

stationary point on the oligomerisation domain (aa 260 Ca).

Quantification of the percentage of 5-fold vertexes on the capsid that are occupied by Rep pentamers was done by dividing the 

number of occupied vertices (1,420,436) by the total number of vertices (1,504,452) to yield 94.4%. The number of vertices were ob-

tained by treating each 5-fold vertex from the capsid as individual particles and 3D classifying to sort particles based on Rep-

occupancy.
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