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Whilst cryo-electron microscopy(cryo-EM) hasbecome a routine
methodology in structural biology, obtaining high-resolution cryo-EM
structures of small proteins (<100 kDa) and increasing overall throughput
remain challenging. One approach to augment protein size and improve
particle alignmentinvolves the use of binding proteins or protein-based
scaffolds. However, a given imaging scaffold or linking module may prove
inadequate for structure solution and availability of such scaffolds remains
limited. Here, we describe a strategy that exploits covalent dimerization of
nanobodies to trap an engineered, predisposed nanobody-to-nanobody
interface, giving Di-Gembodies as modular constructs created in homomeric
and heteromeric forms. By exploiting side-chain-to-side-chain assembly, they
cansimultaneously display two copies of the same or two distinct proteins
through asubunit interface that provides sufficient constraint required for
cryo-EM structure determination. We validate this method with multiple
soluble and membrane structural targets, down to 14 kDa, demonstrating a
flexible and scalable platform for expanded protein structure determination.

Single-particle cryo-electron microscopy (cryo-EM) isaroutine method
for protein structure determination and has developed rapidly since
it was first shown useful for elucidating structures of large protein
complexes'. Nonetheless, structural determination of smaller pro-
teins (<100 kDa) by cryo-EM remains challenging’. Consequently,
<3.5% of deposited structures in the EM Data Bank (EMDB) have a
molecular weight below 100 kDa (ref. 3), despite the fact that small
proteins are abundant in nature, with 92.3% of protein-coding genes

in humans generating products below 100 kDa and 74.5% generating
products below 50 kDa (ref. 4). Therefore, to determine protein struc-
tures not accessible by other methods orin conditions often closer to
physiological’, new tools and methods are needed to facilitate cryo-EM
of small targets.

A major challenge for small-protein cryo-EM is the low signal-
to-noise ratio of the particles’. This leads to difficulty in particle pick-
ing and alignment during data processing, with these inaccuracies
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Fig.1| Application of homoDiGbs enables high-resolution cryo-EM structure
determination for dual copies of small proteins. a, Designed Gb core
substitutions (S7N;L12C;Q14K;T125M in gold) on the nanobody backbone
enable chemically driven, covalent DiGb generation. The sequences are aligned
using the IMGT scheme developed for immunoglobulin folds®. The sequence
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difference between anti-GFP nanobody NbEnhancer (PDB 3K1K)* and its Gb
equivalent (Supplementary Fig. 5) is shown as an example. b, Schematic cartoon
of the anti-GFP nanobody NbEnhancer showing the Gb substitution sites (gold)
away from CDRs (pink). ¢, Construction pipeline for homoDiGb. BioRender.com
license for the SEC column item: XM289VST7B.

ultimately resulting in high B factors and lower resolutions for
three-dimensional (3D) reconstructions® Therefore, cryo-EM recon-
struction generally remains easier for larger targets and complexes, as
they provide sufficient signal for particle alignment. Taking advantage
of this, methods for increasing particle size and symmetry with fidu-
cial markers have been developed®. Three categories of toolsets are
currently available: high-symmetry scaffolding particles® and fusions
with*’ or binding by additional protein structures®°. Such binding
modules include antibody fragments (Fab), nanobodies (Nb) and
synthetic backbones with evolved or selected binding sequences.
There are well documented and widely shared methods for binding
module generation" ™ and they have become established tools in
crystallographic and cryo-EMstructure determination*'®; theseare, in
particular, increasingly supported for nanobodies*** but their small
size can limit their standalone utility for mass enhancement. These
modules canfurtherbe fused or bound to other proteins for still greater
fiducial mass, including the NabFab", megabody', Legobody" and
BRIL-based" technologies (Supplementary Fig.1). BRIL-based methods,
in particular, coupled with the engineering of rigidly bound epitopes
into the target sequence, enables more generic Fab and nanobody
targeting to multiple proteins'®*°, thereby partially avoiding the some-
times time-consuming processes of binder generation and selection.

Despite this demonstrated proof of principle, challenges with
binder:target complex assembly still present problems for such
fiducial-assisted single-particle cryo-EM. Fusing tags or inserting
epitopesrequires modifying the targetitselfand thereby risks altering
the protein’s native structure, potentially also reducing its expression
or requiring extensive screening of constructs®. In addition, most
tools do not have symmetry, requiring chimeric constructs and, thus,
needing subcloning and expression optimization®”". Above all, these
existing scaffolds are monospecific and, consequently, donot address
generality or modularity; thereis an urgent need for greater sample
throughput (Supplementary Fig.1). Therefore, there remains aneed

todevelop complementary strategies for fiducial optimization, ide-
ally with the potential to multiplex structure determination. Here, we
show thatageneric and kinetically biased ‘Gembody’ (Gb) interface,
previously discovered through trapping in crystallo®, can also be
trapped insolution by kinetically controlled side-chain-to-side-chain
bond formation in a manner that leads to ready generation of com-
plexes; these display ideally balanced interface flexibility and yet
relative complex constraints, in turnallowing rapid cryo-EM structure
determination, even of small targets. This approach was effectively
used to assemble macromolecular complexes (Extended Data Figs. 1
and 2 and Supplementary Figs. 2-4), culminating in the determina-
tion of six cryo-EM structures at resolutions spanning 2.45 Ato 3.75 A
(Extended Data Figs. 3-8).

Results
HomoDiGbs aid small-protein structure determination
Oneideal ‘plug-and-play’ design for this needed tool would be through
the constrained complexation of two binding modules through a struc-
turally robust interface away from their binding loops, in which case,
modularity, symmetry and bispecificity are all achieved. Analysis of
our previous crystallographic observations of protein modules, based
onnanobodies that self-assemble or ‘twin’in the solid phase, revealed
asurprising and seemingly generic noncovalent in crystallo interface
that we reasoned could be rendered stable through designed covalency.
In this way, kinetically controlled trapping in crystallo might parallel
and, thus, inform efficient kinetically controlled trappinginsolution.
In principle, many covalent bond-forming (‘conjugation’) meth-
ods are available to link protein modules. However, few allow the
generation of aminimally sized link. Furthermore, this method must
balance the needed proximity for our designed interfacial constraint
and yet a sufficiently efficient reaction under the inherently chal-
lenging second-order kinetics of protein dimerization at low con-
centrations. The observed critical role of pivotal residues in driving
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Fig. 2| Application of homoDiGbs enables high-resolution cryo-EM sstructure
determination for dual copies of small proteins. a-g, High-resolution cryo-EM
reconstruction maps of RECQLS (a), SPNS2 (c), lysozyme (e) and MBP (g) in

g MBP (43 kDa)

GbC3-LM

3.53A
Symmetry: C,
Expansion

1 L]
H '
H '
H '
H '
H '
H '
1 Ll
H '
H '
1 L]
H '
H '
H '
H '
H '
H '
1 Ll
H '
H '
1 L]
H '
H '
' . '
' Local refinement !
'

H '
1 Ll
H '
H '
1 L]
H '
H '
H '
H '
H '
H '
1 Ll
H '
H '
1 L]
H '
H '
H '
H '
H '
H '
1 Ll
H '

Symmetry: C,
Local refinement

3 36 42 48 54

25 3

35 4 45
WY

complex with their respective homoDiGbs. Local resolution comparisons before
and after local refinement with or without C,symmetry expansion for RECQL5
(b), SPNS2 (d), lysozyme (f) and MBP (h).

‘twinning sites’ at protein-protein interfaces in the solid phase? led
us to test these as promising sites for such chemistry. Ultimately, after
asurvey of in-solution covalent bond-forming methods exploring
differing natural and unnatural amino acid residues, we found that
Cu(ll)-catalyzed oxidation at a pivotal C12 residue site (together with
the presence of needed Gb ‘gem’ substitutions previously discov-
ered throughiterative X-ray-guided engineering™) offered aroute to
direct and rapid, high-yielding formation of disulfide-linked homo
Di-Gembody (homoDiGb) without side reactions (for example, off-site
oxidation) (Fig.1a-c, Extended DataFig.1and Supplementary Figs. 5
and 6a) to form arobust covalent interface.

Specifically, a balance of flexibility and constraint of the DiGb
interface waskey to the chemical reaction and complexationrequired
for cryo-EM. We reasoned that longer linkers generated by many cur-
rent conjugation methods would engender too much flexibility; hence,
minimally sized covalent side-chain-to-side-chain motifs were chosen
(four or five bonds in length from Ca to Cax). Whilst lanthionine-based
thioether (four-bond) conjugation was initially considered (as a con-
tracted bond analog of cysteine-based, five-bond linker) and tested,
this was previously only synthetically induced in proteins in an intra-
molecular manner?; the distances across and the nature of the DiGb
interface apparently did not allow its intermolecular use here.

To probe the applicability and value of these homoDiGbs to
cryo-EM structure determination, we tested the 49-kDa DNA helicase
RECQLS5 as a challenging soluble target with both small size and sub-
stantial interdomain flexibility**. As an initial experiment, we com-
pared the two-dimensional (2D) cryo-EM classes of RECQLS5 alone,

RECQL5bound to awild-type nanobody and RECQLS5 in complex with
the corresponding homoDiGb (homoDiGb5-006) generated from
our chemically driven, covalent dimerization workflow (Fig. 1c and
Supplementary Fig. 6a). With the same particle-picking strategies,
homoDiGb resulted in many well-resolved classes for different views
(Supplementary Fig. 7), appreciably outperforming the other RECQLS
samples. Next, a larger dataset of this RECQL5:homoDiGb complex
on a 300-kV microscope with standard operating parameters (Sup-
plementary Table1) yielded a 3.79-A reconstruction of the complex
after imposing C, symmetry. Because of minor flexibility within the
DiGbinterface, imposition of strict C,symmetry prevents refinement
to high-resolution signals. Therefore, we applied an approximate ‘non-
strict C,symmetry’ thatimproved the alignment of the particle images
(Methods). In this way, this initial map could be further improved by
forgoingstrict C,symmetry, with symmetry expansion and local refine-
ment of RECQL5 alone improving the resolution to 3.18 A (Fig. 2a,band
Extended DataFig.3). While RECQL5:Gb5-006 could be resolved using
thesame pipeline without dimerization, the resolution and map qual-
ity were substantially worse (Supplementary Figs. 8aand 9). Similarly,
the clinically-relevant, membrane protein Sphingosine-1-phosphate
(S1P) transporter Spinster Homolog 2 (SPNS2) was resolved t0 2.79 A
locally, whenbound to the equivalent homoDiGbD12 derived fromthe
SPNS2-binding nanobody NbD12 (ref.10) (Fig. 2c,d and Extended Data
Fig.4). Notably, the homoDiGb-bound structure of SPNS2 was found
in the same inward-facing n-dodecyl-p-D-maltoside (DDM)-bound
state as when bound to wild-type nanobody NbD12, indicating min-
imal perturbation to the structure. The comparison showed clear
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Fig. 3| Synthesis of heteroDiGbs enables simultaneous high-resolution structure solution of two different small proteins. Construction pipeline for heteroDiGb,
through atrapped intermediate. BioRender.com license for the SEC column item: XM289VST7B. RT, room temperature.

improvements over the previously published structures of SPNS2
bound to NbD12 (EMD-18668)' (with better-defined side chains, Sup-
plementary Fig.10a) and, importantly, over structures determined with
NabFab (EMD-34104) or DARPin and maltose-binding protein (MBP)
fusions (EMD-28650)". This increased resolution usefully revealed
interactionsattheintracellular loops of SPNS2, including theimportant
PtdIns(4,5)P, pocket (site 2; Supplementary Fig.10a)*. The complex of
RECQL5withanisolated (nondimerized) Gb shows orientational bias,
whereas neither RECQLS5 or SPNS2 structures with DiGb are noticeably
affected by it (Extended DataFig. 3fand Supplementary Fig. 9e,f). Thus,
anadditional benefit of the DiGb method may be through introducing
more orientations to reduce the bias on a case-by-case basis, as well
as the fundamental increases that we observe in alignment efficiency
that arise from more views, driven by introducing characteristic DiGb
modular shapes.

Therapid implementation of the homoDiGb method and the addi-
tional insights gained into target structure function led us to consider
thelimits of this technology. Current cryo-EM structure determination
methods typically struggle with targets below 50 kDa, contrasting with
our ready solution of the structure of 49 kDa RECQLS5. We, therefore,
chose to probe even smaller targets. Strikingly, within weeks, using an
essentially identical workflow to that used for RECQ5 and SPNS2, the
homoDiGb method was applied to 43-kDa MBP and even very small
14-kDa hen egg white lysozyme (Extended Data Fig.1and Supplemen-
tary Fig. 3), achieving reconstructions at 2.45 Aand 3.16 A, respectively
(Fig.2e-hand Extended DataFigs. 5and 6). Interestingly, for lysozyme,
an archetype of X-ray structure determination that we solve here by
cryo-EM single-particle analysis (SPA) for the first time, we found that
C,symmetry reconstruction followed by local refinement yielded bet-
ter resolution thanimposing C, symmetry for the entire particle. This
putative observation of nominal asymmetry for such extremely small
proteins may offer strategic solutions for other very small targets as
this field grows. Together, these data demonstrated that the homo-
DiGb approach provides arapid, generic and efficient way for cryo-EM
structural solution now even of small proteins.

HeteroDiGbs enable dual resolution of two structures

Next we explored bi-specificity of this tool, by testing the extension
of our modular DiGb method to the more challenging generation of
heteroDiGbs. We reasoned that the needed kinetic control of covalency
might be readily achieved through oxidative preactivation of a Gb
followed by the addition of asecond Gb to then yield ahomogeneous

heterodimeric population through a trapped oxidation relay. This
involvedthe creation of anidentifiable oxidized intermediate that could
then be converted to the heteroDiGbs as a second oxidized product.
This proved successful; specifically, quantitative functionalization at
site 12 of the first binder with oxidant 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB)*® produced a clean, trapped intermediate that was then
readily reacted withasecond Gb to formthe desired heteroDiGbs with
high selectivities and yields (Fig. 3, Extended Data Fig. 2 and Supple-
mentary Fig. 6b). Strikingly, using sequential purification, we generated
heteroDiGbs bound to two distinct targets. Starting with a hetero-
DiGb of Gb5-006 and GbEnhancer, the RECQL5:heteroDiGb:sfGFP
(superfolder GFP) complex structure was determined to an overall
resolution of 3.22 A (Fig. 4a and Extended Data Fig. 7). Moreover, when
we locally refined each target separately, we found much-improved
individual maps of 3.03 A for RECQL5 and 2.99 A for sfGFP (Fig. 4b,c
and Extended Data Fig. 7). In an essentially identical workflow using
heteroDiGb GbC4:GbEnhancer, the SPNS2:heteroDiGb:sfGFP complex
structure was determined to 3.90 A overall (Fig. 4d and Extended Data
Fig. 8), with 2.84 A for SPNS2 and 3.75 A for sfGFP, individually (Fig. 4e,f,
Extended DataFig. 8). These results clearly demonstrated the efficiency
offered by heteroDiGbsin duplexing structure determination. Further
validating these methods, all of the structures obtained were largely
consistent with deposited structures, with the only changes being small
interdomain movements observed in RECQLS5 and its slightly different
Gb conformations (Supplementary Fig.10c).

Notably the heteroDiGb strategy can also further overcome limi-
tations of the homoDiGbs. While homoDiGbs improved resolvability
andresolution for the RECQL5 and SPNS2 test cases, this strategy failed
with sfGFP?. Alignment of a previously determined NbEnhancer:sfGFP
complextoour determined homoDiGb structures suggested that the
two target molecules would likely clash in the homoDiGb complex
despite flexibility of the intra-DiGb angle (Supplementary Figs. 11a
and12). By contrast, heteroDiGbs constructed from NbEnhancer and
the RECQL5 nanobody yielded high-resolution results.

Summarizing all structures solved with DiGb, the five-bond,
cystine-based side-chain covalency yielded varyingintra-DiGb angles
between 71.3° and 100.7° for different DiGb variants (Supplemen-
tary Fig. 11b and Supplementary Table 2) with distinct sets of inter-
acting residues (Supplementary Table 2), implying an interface that
may guide ‘twinning’ and yet allow sufficient flexibility for covalent
reaction. Detailed 3D variability analysis (3DVA) revealed that, within
a given single complex, the intra-DiGb angle varied by at most 8.1°
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(Extended Data Fig. 9 and Supplementary Table 2). Together, these
results suggest that, once covalently linked, the DiGb interfaces of
homomeric and heteromeric complexes settle into discrete local
energy minima, thereby yielding a structurally homogeneous popu-
lation, which potentially explains the ready application of balanced
constraint (Discussion).

Micromolar-affinity nanobodies are useful in DiGbs
Thegeneration of protein complexes under kinetic control that under-
pins our use of homoDiGbs and heteroDiGbs raises the intriguing
question of needed affinities (and associated limits) of homoDiGbs
and heteroDiGbs for their targets. Interestingly, in each case, the
dissociation constants measured for each were weaker than for cor-
responding nanobodies orindeed monovalent Gbs (Fig. 5; K, =1.2 pM
for RECQLS5 nanobody ~> 9.0 pM for Gb equivalent > 23.4 puM for
homoDiGb; K, = 0.5 nM (ref. 27) for GFP enhancer nanobody > 5nM
for its Gb). A brief survey of the literature suggests that nanobod-
ies currently used for structural methods display K, values in the
range of 20 nM or less?*°. Whilst these data suggest at present that
aKpof-20 uM or lower may be required for the Gb workflow, we can-
not discount the possibility of efficacy for even weaker-binding Gb
systems. We did not notice any practical effects on workflows for
generating protein complexes (for example, during size-exclusion
chromatography (SEC)) using weaker binders. Notably, these find-
ings challenge a prevailing notion that tight binders are essential as
fiducial markers for facilitating structure determination. They also
further highlight the utility of our kinetically driven method in its
accommodation, through such trapping, of complexes with even
modest (micromolar) affinities.

Side-chain covalency constrains the DiGb interface

The striking ease of application of the homoDiGb and heteroDiGb
method to cryo-EM-enabled structure solution led us to probe its
structural and biophysical origins, particularly in the noncanonical,
side-chain-to-side-chain covalency that we exploit here to link pro-
tein modules (Fig. 6). These analyses revealed a remarkable balance.

All six structures have DiGbs at distinct intra-Gb angles (Supplemen-
tary Fig. 11b and Supplementary Table 2), showing the remarkable
compatibility of the side-chain-to-side-chain covalent linkage that
istrapped at site 12. Yet, at the same time, within each structure, the
DiGb interfaces exhibit <10° of wobble, suggesting that this interface
is relatively constrained, thus enabling refinement with C, symmetry
(Fig. 6a-d, Extended Data Fig. 9 and Supplementary Table 2).

By closely inspecting the interfaces of RECQL5:homoDiGb and
RECQLS5:sfGFP:heteroDiGb that are both trapped by covalency and
comparingthemto theincrystallointerface thatis trapped by crystal-
lization, we discovered subtle differencesin the interfaces (Fig. 6e,m),
causing effectively differentintra-DiGb angles (Fig. 6¢,f). Interfacesin
solution and in crystallo are approximately arranged in an isosceles
triangular form with C12 at the top and the Q120 and P46 or G47 pairs
atthebottom (Fig. 6g-j). However, comparing the minimum distances
between the interacting bottom residue pairs (P46 or G47 and Q120),
theincrystallogeneratedinterfaceisaligned, whereas the in-solution
interfaces are tilted (Fig. 6g-i). We noticed that, in both cases, Q123
always serves as a supporting residue, forming hydrogen bonds with
the backbones on the opposing Gb (Fig. 6g-i), clearly highlighting
thevital role of twinning in driving trapping. Because of tilt, hydrogen
bonds only forminthe closer half of the triangular interface (Fig. 61,m),
forming the interaction network together with the disulfide.

Theside chains of crucial residues also change the DiGb interface.
Apartfromthe triangular cysteine-cysteine interface discussed above
(Fig. 6j and Supplementary Fig. 13), we observed a much narrower
interfacein the SPNS2:homoDiGb structure. Both sides of residue 120
onhomoDiGb arelysines instead of the typical glutamine, causing the
interface tobe shifted to anewstable state, with P46 and G47 interact-
inginstead with Q44 (Supplementary Fig.13).

Lastly, we also observed clear structural evidence for covalent
bond formation as a driving trapping force for formation of the DiGb
complex.Inthe MBP:homoDiGb structure, thereis a unique interface
different from those discussed above or any class of nanobody crystal
contacts®. The side-chain-to-side-chain covalent disulfide bond gives
the Gbs a ‘U-turn’ in this joint, enabling the first 3-sheet of both Gbs
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of homoDiGbs. a-d, BLImeasurement plots with fitted lines are shown in the

sequence of anti-RECQLS wild-type nanobody (a), anti-RECQL5 monomeric
Gb5-006 (b), anti-RECQLS5 homoDiGb5-006 (¢) and anti-sfGFP monomeric
GbEnhancer (d). The kinetic dissociation constants are indicated above the
individual plot titles. One replicate is shownin each plot.

to come into contact but not close enough to form direct hydrogen
bonds (Supplementary Fig. 13). Nonetheless, the resulting assembly
proved constrained enough for cryo-EM structural determination,
with or without local refinement, further highlighting the value of this
kinetically controlled approach.

DiGbs allow aready method for structure determination
The Gb workflow appears robust because chromatographic, electro-
phoretic and stability characterization (Supplementary Figs. 3,4, 8
and14-16) reveal the preparation for complex formationand structure
determination fromarange of homogeneities from~-50%to >95%. The
Gb-associated substitutions also do not destabilize nanobodies, in
factinducingaslight thermal stabilization both before and after DiGb
formation (Supplementary Fig.16). Yield of Gb varied on a case-by-case
basis without any great magnitude changes between nanobody and Gb
(Supplementary Fig.14). Particles other than the target DiGb complexes,
such as those containing a single target complexed with monomeric
nanobody or DiGb, can be excluded during initial model generation.
This subset of particles is also unable to generate high-resolution 3D
maps because of suboptimal particle distribution, as we demonstrate
here with the RecQL5:Gb complex (Supplementary Fig. 9). Moreover,
seemingly close-packed samples have been previously observed for
particles thatappear monodisperse on SEC and nonetheless lead to suc-
cessful structure determination; recentillustrative examplesinclude
protein—protein complexes'>* and protein-RNA complexes*. For solu-
ble protein complexes, we suggest concentration ranges from 0.5 to
1.0 mg ml™. For membrane protein SPNS2, we used ~9.0 mg ml ™ for the
homoDiGb complex and ~4.0 mg mI™ for the heteroDiGb complexes.
The Gbinterface has a pivotal role. Nanobody framework regions
are highly conserved in both sequences and 3D structures; analyses
have revealed that the root-mean-square deviation of over 150 nano-
body V,H framework regionsis -1 A (ref. 33). The key residues involved
in the Gb interface (Q120, Q123, T125, Q14 and S7) are all conserved
(>80%,>90%,>95%,>95% and >95% frequency, respectively). Residue 12,
which we use here for side-chain covalency, is usually aleucine but can
beaserinein30% of all cases. This combined minimal level of side-chain
alteration suggests that, when needed, Gb variations are applicable to
different nanobodies; whilst some variations of intra-Gb angles might
ensue, these will not be disruptive. To provide further insight into the
engineering of the intra-Gb interface around residue 12, we also per-
formed a mutational analysis of residue 125 that is directly adjacent
(Fig. 6j). Using mountable crystal counts® as a proxy for tolerance of
theinterface to disruption, we assessed mutational variation (Supple-
mentary Fig.17); this further supported M125 as arecommended DiGb
substitution. Initial inspection speculatively suggests that methionine
may best provide ahydrophobic cavity for the side-chain disulfide and
putatively identified intra-DiGb interface sites Q120 and Q123 (Fig. 6j)
for future optimization.

Gbs allow assembly of higher-order multiGb systems

Our use of noncanonical, side-chain-to-side-chain covalency in the
design of Gbs offers the possibility of higher-order multiplexing even
beyond DiGbs (multiGbs). We, therefore, tested the potential that
multiple targets might be assembled onto one scaffold with multiple
pairs of heteroDiGbs to yet further increase cryo-EM throughput in
amanner that would be difficult to achieve in conventional linear or
fusion scaffolds.

Forthe assembly of the higher-order complex with the same target,
we evaluated available nanobody-bound structures resolved to bet-
ter than 3 A. We selected the pentameric Escherichia coli Shiga toxin
subunitStx2aB (ref. 34) on the basis of abalance between avoidance of
unwanted multimerization versusinsufficient display constraints. Con-
structs for both Stx2aB and a Gb variant of a corresponding anti-Stx2aB
nanobody were generated; the respective proteins were then expressed
and purified as used as per the Gb workflow.

Using this pentameric Stx2aB scaffold, we readily and suc-
cessfully addressed two targets in multimeric form (SARS-CoV-2
receptor-binding domain (RBD) and lysozyme) using this novel
penta-heteroDiGb system. In brief, heteroDiGbs and targets were
first mixed and purified on SEC (Supplementary Fig. 8c,d); fractions
corresponding to target:heteroDiGb complex were pooled, mixed
directly with purified Stx2aB (Supplementary Fig. 8b) and then directly
frozen onto cryo-EM grids. Comparisons of the cryo-EM 2D classifica-
tion results clearly demonstrated that the targets were successfully
loaded onto the pentameric Stx2aB scaffold (Extended Data Fig. 10).

Discussion

Together, our results suggest that the success we see here in forming
balanced, constrained assemblies is enabled by (1) homoDiGbs and
heteroDiGbs settling into robust conformational minima at nonca-
nonical dimerization interfaces with sufficiently balanced chemical
flexibility and yet structural constraint and (2) the validity and robust
nature of these interfaces being tested and reinforced by achemically
driven, kinetically controlled workflow that samples the equilibria that
underpinthe covalentinterface-assisted events that are feasible in solu-
tion. Furthermore, the success of DiGbs for high-resolution structural
solution is enabled by their relatively small mass contribution to the
imaged complex while increasing the maximum particle diameter for
better particle alignment (Supplementary Table 3).

A potential caveat to our Gb technology is the possibility for
clashes between targets, which we observed for homoDiGb analysis
of sfGFP and overcame through the use of an alternative heteroDiGb
system. To estimate the general applicability of the DiGb method, we
evaluated 973 published protein:nanobody complexes by placing them
onto the homoDiGb scaffolds with the smallest (homoDiGb5-006) and
the largest (homoDiGbD12) intra-Gb angles. Overall, 43.9% and 51.0%
of the proteins incurred no clash when assembled onto these two
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scaffolds, respectively. Furthermore, 84.1% and 59.7% of the proteins
tested incurred less than 5% of maximal clash (Methods). This suggests
that the DiGb method should be a generally feasible approach for a
variety of target proteins.

In summary, our plug-and-play DiGb strategy improves cryo-EM
resolvability and resolution of small proteins through constraint and
increased particle size with asimple and robust workflow and can even
enable simultaneous structure determination of two challenging tar-
getsinone dataset. HeteroDiGbs, in particular, enable varied partner
Gbsandtarget proteins that will likely dramatically change the chemical
and physical properties of the complex and, thus, its behavior on the
cryo-EMgrid. Therefore, the screening of heteroDiGb complexes also
provides anovel mechanism for potentially reducing preferred orien-
tation, if needed. Future exploitation of this modular plug-and-play
tool may allow examples of higher-order multiGb:target complexes or
multispecific assemblies when combined with other scaffold proteins
beyond those that we demonstrated here.

The kinetic interface trapping that underpins this method was
discoveredincrystalloand takentoits current modular form through
rare, kinetically controlled noncanonical side-chain-to-side-chain cova-
lentbond formationinsolution. Itshould be noted, therefore, that the
generic, rapid and modular nature of this method cannot and will not,
essentially by definition, be achieved through traditional fusion protein
methods. Moreover, our results also highlight that current dogmas of
‘tight’ K, values, which indeed drive the assessment of most binding
proteins, are less relevant to single-particle cryo-EM.

Lastly, our rapid implementation of the homoDiGb and heteroD-
iGb method suggests that it has the potential to become a powerful
tool for cryo-EM SPA structure determination.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

Nature Chemical Biology | Volume 22 | January 2026 | 69-76

75


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-025-01972-7

and competinginterests; and statements of data and code availability
areavailable at https://doi.org/10.1038/s41589-025-01972-7.

References

1. Cheng, Y. Membrane protein structural biology in the era of single
particle cryo-EM. Curr. Opin. Struct. Biol. 52, 58-63 (2018).

2. Wu, M. & Lander, G. C. How low can we go? Structure
determination of small biological complexes using single-particle
cryo-EM. Curr. Opin. Struct. Biol. 64, 9-16 (2020).

3.  wwPDB ConsortiumEMDB—the Electron Microscopy Data Bank.
Nucleic Acids Res. 52, D456-D465 (2024).

4.  Wentinck, K., Gogou, C. & Meijer, D. H. Putting on molecular
weight: enabling cryo-EM structure determination of sub-100-kDa
proteins. Curr. Res. Struct. Biol. 4, 332-337 (2022).

5. Ceska, T., Chung, C.-W., Cooke, R., Phillips, C. & Williams, P. A.
Cryo-EM in drug discovery. Biochem. Soc. Trans. 47, 281-293 (2019).

6. Castells-Graells, R. et al. Cryo-EM structure determination of small
therapeutic protein targets at 3 A-resolution using a rigid imaging
scaffold. Proc. Natl Acad. Sci. USA 120, €2305494120 (2023).

7. Chen, H. et al. Structural and functional insights into
SPNS2-mediated transport of sphingosine-1-phosphate. Cell 186,
2644-2655 (2023).

8. Wu, S. etal. Fabs enable single particle cryoEM studies of small
proteins. Structure 20, 582-592 (2012).

9. Cater, R. J. etal. Structural basis of omega-3 fatty acid transport
across the blood-brain barrier. Nature 595, 315-319 (2021).

10. Li, H.Z. et al. Transport and inhibition of the sphingosine-
1-phosphate exporter SPNS2. Nat. Commun. 16, 721 (2025).

1. Smith, G. P. & Petrenko, V. A. Phage display. Chem. Rev. 97,
391-410 (1997).

12. Holliger, P. & Hudson, P. J. Engineered antibody fragments and the
rise of single domains. Nat. Biotechnol. 23, 1126-1136 (2005).

13. Liu, J. K. H. The history of monoclonal antibody development—
progress, remaining challenges and future innovations. Ann. Med.
Surg. 3, 113-116 (2014).

14. McMahon, C. et al. Yeast surface display platform for rapid
discovery of conformationally selective nanobodies. Nat. Struct.
Mol. Biol. 25, 289-296 (2018).

15. Zimmermann, |. et al. Generation of synthetic nanobodies against
delicate proteins. Nat. Protoc. 15, 1707-1741(2020).

16. Bukowska, M. A. & Gritter, M. G. New concepts and aids to facilitate
crystallization. Curr. Opin. Struct. Biol. 23, 409-416 (2013).

17. Bloch, J. S. et al. Development of a universal nanobody-binding
Fab module for fiducial-assisted cryo-EM studies of membrane
proteins. Proc. Natl Acad. Sci. USA 118, 2115435118 (2021).

18. Uchanski, T. et al. Megabodies expand the nanobody toolkit for
protein structure determination by single-particle cryo-EM.

Nat. Methods 18, 60-68 (2021).

19. Wu, X. & Rapoport, T. A. Cryo-EM structure determination of small
proteins by nanobody-binding scaffolds (Legobodies). Proc. Natl
Acad. Sci. USA 118, 2115001118 (2021).

20. Mukherjee, S. et al. Synthetic antibodies against BRIL as universal
fiducial marks for single-particle cryoEM structure determination
of membrane proteins. Nat. Commun. 11, 1598 (2020).

21.  Mcllwain, B. C. et al. N-terminal transmembrane-helix epitope
tag for X-ray crystallography and electron microscopy of small
membrane proteins. J. Mol. Biol. 433, 166909 (2021).

22. Ye, M. et al. Gluebodies improve crystal reliability and diversity
through transferable nanobody mutations that introduce
constitutive crystal contacts. Preprint at bioRxiv https://doi.org/
10.1101/2022.07.26.501559 (2024).

23. Galan, S.R. G. et al. The minimum protein staple?—Towards
‘bio’-Baldwin’s rules via inter-phosphosite linking in the MEK1
activation loop. Chem. Sci. 15, 1306-1317 (2024).

24. Newman, J. A., Aitkenhead, H., Savitsky, P. & Gileadi, O. Insights
into the RecQ helicase mechanism revealed by the structure of
the helicase domain of human RECQLS5. Nucleic Acids Res. 45,
4231-4243 (2017).

25. Tang, H. et al. The solute carrier SPNS2 recruits PI(4,5)P, to
synergistically regulate transport of sphingosine-1-phosphate.
Mol. Cell 83, 2739-2752 (2023).

26. Ellman, G. L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82,
70-77 (1959).

27. Kirchhofer, A. et al. Modulation of protein properties in living cells
using nanobodies. Nat. Struct. Mol. Biol. 17, 133-138 (2010).

28. Parker, J. L. et al. Structural basis of antifolate recognition and
transport by PCFT. Nature 595, 130-134 (2021).

29. Meier, G. et al. Deep mutational scan of a drug efflux pump
reveals its structure-function landscape. Nat. Chem. Biol. 19,
440-450 (2023).

30. Hillier, J. et al. Structural insights into Frizzled3 through nanobody
modulators. Nat. Commun. 15, 7228 (2024).

31. Ma, J. et al. Open architecture of archaea MCM and dsDNA
complexes resolved using monodispersed streptavidin affinity
CryoEM. Nat. Commun. 15, 10304 (2024).

32. Yi, G. etal. Structural basis for activity switching in polymerases
determining the fate of let-7 pre-miRNAs. Nat. Struct. Mol. Biol. 31,
1426-1438 (2024).

33. Mitchell, L. S. & Colwell, L. J. Comparative analysis of nanobody
sequence and structure data. Proteins 86, 697-706 (2018).

34. Bernedo-Navarro, R. A. et al. Structural basis for the specific
neutralization of Stx2a with a camelid single domain antibody
fragment. Toxins (Basel) 10, 108 (2018).

35. Lefranc, M.-P. et al. IMGT®, the international immunogenetics
information system®. Nucleic Acids Res. 37, D1006-D1012 (2009).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

Nature Chemical Biology | Volume 22 | January 2026 | 69-76

76


http://www.nature.com/naturechemicalbiology
https://doi.org/10.1038/s41589-025-01972-7
https://doi.org/10.1101/2022.07.26.501559
https://doi.org/10.1101/2022.07.26.501559
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41589-025-01972-7

Methods

Conversion of the nanobody numbering to the IMGT scheme
Because of variablelengths of nanobody complementarity-determining
regions (CDRs), the same positions on the nanobody scaffold have dif-
ferentresidue numbersin different nanobodies. Therefore, we used the
IMGT scheme® through the server ANARCI*® for consistent numbering
and clarity in the Gb substitutions (Fig. 1a and Supplementary Fig. 5).

Expression and purification of RECQLS, sfGFP, SPNS2, MBP,
lysozyme, Stx2aB and SARS-COV-2 RBD

RECQLS5 was expressed and purified as previously described®. Briefly,
the truncated RECQLS protein (11-453) was subcloned into the
pNIC-Bsa4 vector withatobacco etchvirus (TEV)-cleavable 6 xHis tag at
the Nterminus. The protein was expressed using the BL21-DE3-pRARE
strain in autoinduction TB medium (Formedia) containing kana-
mycin and 0.01% antifoam 204 at 37 °C for 5.5 h followed by 40-44 h
at 18 °C. The base buffer we used for purification contained 5% gly-
cerol,10 MM HEPES pH 7.5and 500 mM NaCl. Bacteriawere harvested
by centrifugation at 4,000g and resuspended in three volumes of
base buffer + 30 mM imidazole, 1% Triton, 0.5 mg ml™ lysozyme and
10 pg mI" homemade benzonase, followed by storage in-80 °C freezer
overnight for complete celllysis. The purification started the next day
with thawing the frozen pallets in a room-temperature water bath,
followed by centrifugation at 5,000g for 1 h to obtain clear superna-
tant. The supernatant was then applied to Ni-NTA prepacked columns
(GE healthcare) pre-equilibrated with base buffer + 30 mMimidazole.
After thoroughly washing the Ni-NTA columns with base buffer, protein
was eluted using 2.5 ml of base buffer + 500 mM imidazole directly
into base-buffer-equilibrated PD-10 columns (GE healthcare). Next,
3.5 mlof base buffer was applied to PD-10 columns to elute the RECQLS5
protein in base buffer. Then TEV protease was added to protein solu-
tion with a1:10 mass ratio for overnight incubation; 20 mMimidazole
was also added to the solution. On the next day, Ni-NTA columns were
pre-equilibrated with base buffer + 20 mMimidazole and the RECQL5
solution with TEV was applied to the columns to get rid of RECQL5
with uncleaved 6xHis tag, TEV protease and contaminants. Flow-
through fractions were collected and flash-frozen to make nanobody
complexes. SPNS2 was expressed and purified in DDM as described
previously'™. The full-length human SPNS2 gene was cloned into the
pHTBV1.1 plasmid containing a C-terminal TEV protease cleavage site
followed by EGFP, twin-Strep and 10xHis affinity tags. Baculovirus was
then generated accordingto the previously described protocols. The
resulting baculovirus was used to infect Expi293F cellsin Freestyle 293
expression medium (Gibco) in the presence of 5 mM sodiumbutyrate.
Infected cells were grown in an orbital shaker for 48 hat 37 °C, 8% CO,
and 75% humidity, harvested by centrifugation, washed with PBS,
flash-frozen and stored at —80 °C until further use. The cell pellets
were resuspended in extraction buffer (300 mM NaCl, 50 mM HEPES
pH 7.5 and 1% DDM) in the presence of cOmplete protease inhibitor
cocktail tablets (Roche) and solubilized at 4 °C for1 hwithgentle rota-
tion. The insoluble materials were pelleted at 50,000g for 40 min.
The supernatants were incubated with pre-equilibrated TALON resin
(Takara) and allowed to bind for 1 hat 4 °C. The resin was poured onto
agravity-flow column and washed with column buffer (300 mM NaCl,
50 mM HEPES pH 7.5 and 0.03% DDM (Anatrace) supplemented with
10 mM MgCl,, 1 mM adenosine triphosphate and 10 mM imidazole.
Protein was eluted with elution buffer (300 mM NaCl, 50 mMHEPES pH
7.5,300 mMimidazole and 0.03% DDM). The eluate was incubated with
pre-equilibrated Strep-Tactin XT Superflow resin (IBA Lifesciences)
for1hat 4 °C. The resin was poured onto a gravity-flow column and
washed with column buffer. Protein was eluted with column buffer
supplemented with 50 mM D-biotin, followed by tag cleavage with TEV
protease overnight and reverse immobilized metal ion affinity chro-
matography purification using TALON resin. The tag-cleaved SPNS2
proteins were concentrated using a centrifugal concentrator with a

100-kDa cutoff (Sartorius) and subjected to SEC using a Superdex 200
10/300 GL column (GE Healthcare), pre-equilibrated with gel filtration
buffer (150 mM NaCl, 20 mM HEPES pH 7.5 and 0.025% DDM). Peak
fractions were pooled and concentrated for subsequent experiments.

The sfGFP and MBP protein was expressed using the BL21-DE3-
PRARE strain in autoinduction TB medium (Formedia, AIMTB0260)
containing 50 pug ml™ kanamycinand 0.01% antifoam 204 at 37 °C for
5.5 hfollowed by 40-44 h at 18 °C. Bacteria were harvested by cen-
trifugation at 4,000g and resuspended in a three cell pellet volumes
of base buffer (5% glycerol, 10 mM HEPES pH 7.5 and 500 mM NacCl)
supplemented with30 mM imidazole, 1% Triton, 0.5 mg ml™ lysozyme
and 10 pg ml™ benzonase and thenstored ina—80 °C freezer overnight
for freeze-thaw cell lysis. Cell pellets were thawed in aroom tempera-
ture water bath and then clarified by centrifugationat 5,000gfor1h.
The supernatant was then applied to a Ni-NTA prepacked column
(Cytiva, 11003399), pre-equilibrated with base buffer supplemented
with 30 mM imidazole. After washing the Ni-NTA column with ten
column volumes of base buffer, protein was eluted using 2.5 ml of base
buffer supplemented with 500 mM imidazole and then immediately
loaded onto a PD-10 column (Cytiva, 17-0851-01) that was equilibrated
with base buffer. The sfGFP or MBP protein was then eluted from
PD-10 columns. TEV protease at a1:10 mass ratioand 20 mMimidazole
were added to the protein solution and incubated overnight. The
next day, Ni-NTA columns were pre-equilibrated with base buffer +
20 mMimidazole and the sfGFP or MBP solution with TEV was applied
to the columns to remove sfGFP or MBP with uncleaved 6xHis tag,
TEV protease and contaminants. Eluted fractions were collected and
flash-frozen until use.

Lysozyme was purchased from Sigma (L6876-1G) and dissolvedin
base buffer (5% glycerol,10 MM HEPES pH 7.5 and 500 mM NaCl) before
complexation with the binding homoDiGb.

The gene for Stx2aB (ref. 34) was synthesized (Twist Biosci-
ence) and the amplified Stx2aB gene fragment was cloned into the
pNIC-MBP2-LIC vector. Protein purification was performed using the
same protocol as for sfGFP.

The SARS-CoV-2RBD plasmid was generously provided by D. Zhou.
Protein expression and purification were performed as previously
described®”*s. Briefly, the His-tagged SARS-CoV-2 RBD plasmid was
transiently expressed in HEK293T cells (American Type Culture Col-
lection, CRL-11268). The culture medium was concentrated using a
QuixStand benchtop system and subsequently purified using a 5-ml
HisTrap Nickel column (GE Healthcare). Glycan removal was followed
by concentration for SEC (Superdex 200 Increase 10/300, GE) in a
buffer containing20 mMHEPES (pH 7.8) and 100 mM NaCl at4 °Cina
coldroom. Protein fractions with a purity exceeding 90% were pooled,
concentrated to 2 mg ml using a10-kDa-cutoff Centricon (Millipore)
and stored at-80 °C.

Generation of homoDiGbs

The genes of Gbs for homoDiGb generation were amplified from
synthetic genes from Twist Bioscience (Gb5-006, GbD12, GbS2A4
(ref.39), GbH12 (ref.10), GbLysozyme, GbHIV and GbRBD3) or existing
clones with Gb mutations implemented in the primers (GbEnhancer
and GbMBP)*°. GbEnhancer, GbLysozyme, GbHIV and GbMBP had
the minimal Gb substitutions S7N;L12C;Q14K;T125M implemented.
Gb5-006 had solubility substitutions G40T;Q49E;L52W;I101V
plus K84E in addition to S7N;L12C;Q14K;T125M. GbD12 had
S7N;L12C;Q14K;K84E;P123Q;T125M implemented. GbS2A4 had
Q5V;S7N;L12C;Q14K;Q44R;T125M implemented. GbH12 had L2V;
S7N;L12C;Q14K;K84E;P123Q;T125M implemented. GbRBD3 had
S7N;L12C;Q14K;T125M;K84E implemented. They all shared the core
substitutions of S7N;L12C;Q14K;T125M. NbH12 (wild-type GbH12) was
generated in the same screening batch as NbD12 (wild-type GbD12)™.
Theamplified GbMBP gene fragment was cloned onto the pNIC-NHStIT
vector, the GbGFP gene fragment was cloned onto the pNIC-GST-bio
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vector and all other amplified genes were subsequently cloned onto
the pNIC-MBP2-LIC vector by ligation-independent cloning. The Gbs
were produced as previously described except that no reducing agent
was used throughout purification. The purified monomeric Gbs were
exchanged into 50 mM sodium phosphate (Na,HPO,) buffer (pH 8.0)
using PD MiniTrap G25 columns (Cytiva, 28918007), snap-frozen and
stored at -80 °Cuntil further use.

To generate homoDiGbs, purified Gb at 2 mg ml™ in 50 mM
Na,HPO, pH 8, was treated with 50 uM Cu(ll) acetate and the result-
ing solution wasincubated at 37 °C temperature for 30 min. Conver-
sion was monitored by intact mass spectrometry on Waters G2-XS
quadrupole time-of-flight (QToF) mass spectrometers equipped
withaWaters Acquity ultrahigh-performanceliquid chromatograph
(UPLC). Separation was achieved using a Thermo Scientific ProSwift
RP-2H monolithic column (4.6 mm x 50 mm) with water + 0.1% for-
mic acid (solvent A) and acetonitrile + 0.1% formic acid (solvent B)
asthe mobile phases overa5-minlinear gradient. Spectrawere decon-
voluted using MassLynx 4.1 (Waters). Upon completion, DiGb was
purified by SEC chromatography using a Superdex 75 Increase 10/300
column (Cytiva, 29-1487-21). Detailed data for Gb5-006, GbD12,
GbLysozyme and GbMBP are shown in Extended Data Fig.1a-d (left).
Additional pairs of homoDiGbs are shownin Fig.1a-d (right). The Gb
sequences and the corresponding primers used for cloning are listed
inSupplementary Tables 4 and 5.

Generation of heteroDiGbs

The genes of Gbs for heteroDiGb generation were amplified from syn-
thetic genes from Twist Bioscience (Gb5-006, GbH12 (ref.10), GbRBD1
(ref.41) and GbRBD6 (ref. 41)) or existing clones with Gb substitutions
implemented in the primers (GbEnhancer and GbC4)™°. Gb113 had the
minimal Gb substitutions S7N;L12C;Q14K;T125M implemented. GbC4
had L2G;S7N;L12C;Q14K;T125M implemented. GbRBD1 and GbRBD6
had S7N;L12C;Q14K;T125M;K84E implemented. They all shared the core
substitutions of S7N;L12C;Q14K;T125M. NbC4 (wild-type GbC4) was
generated in the same screening batch as NbD12 (wild-type GbD12)™.
Allamplified genes were subsequently cloned onto the pNIC-MBP2-LIC
vector by ligation-independent cloning*’. The Gbs were produced as
previously described except that no reducing agent was used through-
out purification”. The purified monomeric Gbs were exchanged into
50 mMsodium phosphate (Na,HPO,) buffer pH 8.0 using PD MiniTrap
G25 columns (Cytiva, 28918007), snap-frozen and stored at —80 °C
until further use.

For the generation of heteroDiGbs, the first Gb (GbA) at 1.0 mg ml™
in 50 mM Na,HPO, pH 8.0 was treated with DTT at a tenfold molar
concentration of GbA at room temperature. After 15 min, DTT was
removed from GbA using PD MiniTrap G25 columns (Cytiva, 28918007)
equilibratedin 50 mM Na,HPO, pH 8.0. GbA was then treated withaten-
fold molar concentration of DTNB at room temperature. After 30 min,
DTNB was removed by buffer exchange using G25 columns in 50 mM
Na,HPO, pH 8 and concentrated with Ultra 0.5 ml 3-kDa centrifugal
filters (Amicon, UFC500308). Conversion of GbA’s C12 to C12TNB
was confirmed on Waters G2-XS QToF mass spectrometers equipped
with aWaters Acquity UPLC. Separation was achieved usinga Thermo
Scientific ProSwift RP-2H monolithic column (4.6 mm x 50 mm) with
water + 0.1% formicacid (solvent A) and acetonitrile + 0.1% formic acid
(solvent B) as the mobile phases over a 5-min linear gradient. Spectra
were deconvoluted using MassLynx 4.1 (Waters). Samples of GbB at
1.0 mg ml were reduced with DTT using the same protocol as for GbA,
desalted using minitrap G25 columns and then mixed with GbA-C12TNB
at a twofold molar concentration and incubated for 30 min at 37 °C.
Small-molecule byproducts from the resulting mixture were removed
using a G25 column in a buffer containing 50 mM Na,HPO, pH 8.0,
flash-frozen in liquid nitrogen and kept at -80 °C until further use.
Detailed data for Gb5-006:GbEnhancer, GbC4:GbEnhancer and addi-
tional pairs of heteroDiGbs are shown in Extended Data Fig. 2.

Invitroreconstitution of DiGb:target complexes

All proteins before this stage were inabuffer without reducing agents
asdescribed above; thus, all proteins hereafter are under nonreducing
conditions.

To prepare complexes of RECQLS5 with the homoDiGb Gb5-006,
DiGb was mixed with RECQLS5 at a molar ratio of 1:2. The complex was
PEGylated with NHS-PEG,-azide (Thermo Fisher) at a final concentra-
tion of 2 mM. This reaction was performed onice for 2 h, quenched by
adding 50 mM Tris buffer pH 8.0 and subsequently purified by SEC
on aSuperdex 20010/300 GL Increase column (Cytiva, 28-9909-44),
pre-equilibrated in 20 mM HEPES pH 7.5 and 150 mM NacCl. The dimer
peak was pooled, concentrated by 10-kDa Vivaspin 20 centrifugal
concentrators (Vivaproducts, VS2001) and used for cryo-EM specimen
preparation (Supplementary Fig. 3a). The same procedure was applied
tolysozyme (Supplementary Fig. 3c) and MBP (Supplementary Fig. 3d).

To prepare complexes of sSfGFP with the homoDiGb GbEnhancer,
DiGb was mixed with sfGFP at a molar ratio of 1:2 and subsequently
purified by SEC onaSuperdex20010/300 GL Increase column (Cytiva,
28-9909-44), pre-equilibrated in 20 mM HEPES pH 7.5 and 150 mM
NaCl. The dimer peak was pooled, concentrated by 10-kDa Vivaspin
20 centrifugal concentrators (Vivaproducts, VS2001) and used for
cryo-EM specimen preparation.

To prepare complexes of SPNS2 with the homoDiGb GbD12, the
purified DiGb was first supplemented with 0.025% DDM (Anatrace,
D310LA) and then mixed with SPNS2 at a molar ratio of 1:2. The complex
was then purified by SEC on aSuperdexIncrease 20010/300 GL column
(Cytiva.28-9909-44), pre-equilibratedin 20 mM HEPES pH7.5,150 mM
NaCl and 0.025% DDM. The dimer peak was pooled, concentrated by
100-kDa Vivaspin 20 centrifugal concentrators (Vivaproducts, VS2041)
and used for cryo-EM specimen preparation (Supplementary Fig. 3b).

The RECQL5:heteroDiGb:sfGFP complex was prepared by first mix-
ing Gb5-006:GbEnhancer heteroDiGb with RECQLS5 at amolar ratio of
1:1.5. The complex was PEGylated with NHS-PEG,-azide (Thermo Fisher)
atafinal concentration of2 mMonice for2 hand quenched by adding
50 mM Tris buffer pH 8.0. The RECQL5:heteroDiGb complex was then
purified by SEC onthe SuperdexIncrease 7510/300 GL column (Cytiva,
29-1487-21) pre-equilibratedin20 mMHEPES pH 7.5and 150 mM NaCl.
The peak corresponding to the heteroDiGb and RECQL5 complex was
pooled (Supplementary Fig. 4b, left), mixed with sSfGFP at amolar ratio
of1:1.5, and further purified by SEC on the SuperdexIncrease 7510/300
GL column. The peak containing both targets was then pooled, concen-
trated by 10-kDa Vivaspin 20 centrifugal concentrators (Vivaproducts,
VS2001) and used for cryo-EM specimen preparation (Supplementary
Fig. 4b, right).

The SPNS2:heteroDiGb:sfGFP complex was prepared by first
mixing GbC4:GbEnhancer heteroDiGb with sfGFP at a molar ratio
of 1:1.5. The sfGFP:heteroDiGb complex was then purified by SEC on
the Superdex Increase 200 10/300 GL column (Cytiva, 28-9909-44),
pre-equilibrated in 20 mM HEPES pH 7.5,150 mM NaCl and 0.025%
DDM. The peak corresponding to the heteroDiGb and sfGFP com-
plex was pooled (Supplementary Fig. 4a, left), mixed with SPNS2 at a
molarratio of 1:1and further purified by SEC on the Superdex Increase
20010/300 GL column. The peak containing both targets was then
pooled, concentrated by 100-kDa Vivaspin 20 centrifugal concentra-
tors (Vivaproducts, VS2041) and used for cryo-EM specimen prepara-
tion (Supplementary Fig. 4a, right).

Cryo-EM specimen preparation and data acquisition

Cryo-EM grids of the RECQL5:homoDiGb, sfGFP:homoDiGb,
MBP:homoDiGb, lysozyme:homoDiGb and RECQL5:heteroDiGb:sfGFP
complexes were prepared by applying freshly purified complexes to
Au C-flat, 2/1,200-mesh grids (Jena Bioscience, X-302-AU200) at 0.8,
0.75,2.5,0.85and 1.1 mg ml™, respectively. Grids were blotted using a
Vitrobot (FEI) at 4 °C and 100 % humidity for 4 s with a force of -6 and
a5-swaiting time, followed by plunging into liquid ethane.
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Cryo-EM grids of the SPNS2:homoDiGb and SPNS2:heteroDiGb:-
sfGFP complexes were prepared by applying freshly purified complex
to Quantifoil Copper, 1.2/1.3, 300-mesh grids (Quantifoil) at 9.0 and
4.2 mg ml™, respectively. Grids were blotted using a Vitrobot (FEI) at
4 °Cand100 % humidity for 8 swith force of -10 and a 5-s waiting time,
followed by plunginginto liquid ethane.

Cryo-EM data were collected using a FEI Titan Krios operating at
300 kV with a Gatan K3 with GIF Quantum camera or Falcon 4 with GIF
Quantum camera. All data were automatically collected using EPU
software (Thermo Fisher) with a defocusrange targeting -1.5to —2.5 pm
for SPNS2:homoDiGb and SPNS2:heteroDiGb:sfGFP complexes, —1.2
to -2.6 pm MBP:homoDiGb and lysozyme:homoDiGb or -1.5t0 -3 pm
for RECQL5:homoDiGb and RECQLS5:heteroDiGb:sfGFP complexes.
Other parameters such as magnification, total dose and frames used
varied between different sample collections and are provided in Sup-
plementary Table 1.

Image processing of electron micrographs
All datasets were subject to a similar protocol for image proces-
sing and reconstruction by cryoSPARC*. Raw micrographs were
motion-corrected, contrast transfer function (CTF)-estimated and
curated manually to remove those images with poor image quality
(that is, CTF fit > 4 A, ice thickness > 1.1 and astigmatism >1,000).
For each dataset, 500 micrographs were then used for blob picking
and several rounds of 2D classifications. The particles with the best
2D class averages were selected for Topaz training and particle pick-
ing using all micrographs. After 2D classifications of Topaz-picked
particles, all particles from well-resolved 2D classes were merged
after removing duplicated particles. The output particles were used
for ab initio reconstruction, followed by heterogeneous refinement.
Well-resolved classes were selected for nonuniform refinement (with
C, symmetry applied to RECQL5:homoDiGb, SPNS2:homoDiGb and
MBP:homoDiGb and C, symmetry applied to lysozyme:homoDiGb,
SPNS2:heteroDiGb:sfGFP and RECQL5:heteroDiGb:sfGFP complexes),
followed by local refinement with target-specific masks. The masks
were generated using the ‘molmap’ command in UCSF Chimera** on
the basis of roughly docked atomic models for the target proteins. For
the homoDiGb complexes (except lysozyme:homoDiGb), the particles
were symmetry-expanded, followed by further rounds of 3D classifi-
cations. The particles from best-resolved classes were then merged
for afinal round of local refinement. Maps were further sharpened by
DeepEMhancer®. RECQL5:Gb5-006 used the same processing pipeline
as for the processing of RECQL5:homoDiGb5-006 complex.
Inallcases, the resolution was determined by gold-standard Fou-
rier shell correlation. The local resolution estimation was calculated
by cryoSPARC and presented using UCSF Chimera** on the basis of the
output maps from cryoSPARC. Next, 3D conformational variability
analysis was carried out using 3DVA*®. The processing details for each
dataset are shownin Extended Data Figs. 3¢, 4¢, 5¢, 6¢, 7c and 8c.

Model building and refinement

Initial models of RECQL5 and Gb5-006 were obtained from deposited
crystal structures (Protein Data Bank (PDB) 7ZMV)*. Those of sSfGFP
and GbEnhancer were obtained by modifying the existing models
(PDB 3KIK). For lysozyme and GbLysozyme, the initial model was
obtained from adeposited structure (PDB 6JB2). For MBP and GbMBP,
theinitial model was obtained froma deposited structure (PDB 5M13).
Models of SPNS2, GbD12 and GbC4 used the SPNS2:NbD12 structure
published previously (PDB 8QV6)™ as starting models. Model were
rebuilt as necessary in Coot*” and then refined with PHENIX real-space
refinement*s,

Affinity measurement of nanobodies and Gbs
Purified RECQLS5 and sfGFP proteins were biotinylated using an EZ-Link
Sulfo-NHS-LC-biotinylation kit (Thermo Scientific, 21435) following

the manufacturer’s instructions. Biolayer interferometry (BLI) was
then performed using Octet RED384. All experiments were performed
using buffer containing 10 mM HEPES and 150 mM NaCl (pH 7.5) for
dilution and incubation. All incubation was conducted while shaking
at1,000 rpm at room temperature. All experiments were performed
intriplicate.

For affinity measurements of anti-RECQLS5 nanobody, Gb5-006
(monomer), the biotinylated target protein solution RECQLS was
diluted to 3 pM. Streptavidin-coated biosensors (ForteBio, lot
2104023111) were firstincubated in buffer for 1 min, then dipped into
protein solution for 2 min and returned to buffer for1 min. The arrays
of sensors were then dipped into eight concentrations (including azero
concentration for subtraction) of nanobody and Gb5-006 for 10 min
for the association step. Finally, the sensors were transferred to buffer
for the dissociation step for 5 min to complete the measurement. The
concentration gradient for anti-RECQL5 nanobody was 9 pM, 4.5 uM,
2.250 uM, 1.125 pM, 562.5 nM, 281.25 nM, 140.625 nM and 0. The con-
centration gradient for anti-RECQL5 Gb5-006 was 17.7 uM, 10.1 uM,
4.3 uM,1.9 uM, 620.6 nM, 206.9 nM, 69.0 nM and O.

For affinity measurements of anti-RECQL5 homoDiGb, the
biotinylated target protein solution RECQLS was diluted to 1.62 pM.
Streptavidin-coated biosensors (ForteBio) were first incubated in
buffer for 1 min, then dipped into protein solution for 2 min and
returned to buffer for 2 min. The arrays of sensors were then dipped
into eight concentrations (including azero concentration for subtrac-
tion) of homoDiGb5-006 for 5 min for the association step. Finally,
the sensors were transferred to buffer for the dissociation step for
5 minto complete the measurement. The concentration gradient for
anti-RECQL5 homoDiGb5-006 was 4.3 pM, 2.1 uM, 1.1 uM, 531.25 nM,
265.6 nM, 132.8 nM, 66.4 nM and 0.

For affinity measurements of anti-sfGFP GbEnhancer, the
biotinylated target protein solution sfGFP was diluted to 4.5 pM.
Streptavidin-coated biosensors (ForteBio, 18-5019) were first incu-
bated in buffer for 1 min, then dipped into protein solution for 2 min
andreturned to buffer for 2 min. The arrays of sensors were then dipped
into eight concentrations (including a zero concentration for sub-
traction) of GbEnhancer for 5 min for the association step. Finally,
the sensors were transferred to buffer for the dissociation step for
5 min to complete the measurement. The concentration gradient for
anti-GFP GbEnhancer was 3 pM, 1M, 333 nM, 111 nM, 37.3 nM, 12.4 nM,
4.1nMandO.

For data processing, all traces with Gb and nanobody con-
centrations above O were subtracted by the values from the zero-
concentration trace and aligned to the beginning of the association
step. Nonlinear regression was performed using Graphpad Prism10.2.3
to estimate the dissociation constants of the Gbs and nanobodies.

Dynamic analysis of the DiGb interface

Selected particles used for the final rounds of nonuniform refinement*
for the dimer structures of RECQL5:homoDiGb, SPNS2:homoDiGb,
RECQLS5:heteroDiGb:sfGFP and SPNS2:heteroDiGb:sfGFP structures
were used as inputs of 3DVA on cryoSparc®, yielding 60 density
maps. The atomic models for RECQL5:homoDiGb, SPNS2:homoDiGb,
RECQLS5:heteroDiGb:sfGFP and SPNS2heteroDiGb:sfGFP were then
splitatthe DiGb interface and each model was half-docked into the 3D
variability density maps using ChimeraX*°.

The movements of the DiGb interfaces were analyzed by first
aligning a reference (static) Gb. Vectors D, (i =1,2,...,60) and its
averagep,= 2160 D,/60, defined by each substituent Gb’s center of mass
and the Ca atoms of C12, were then calculated for both static and the
unaligned (mobile) Gb. Motion within a single DiGb complex was
quantified as the wobble angle g, = arccos(‘f’“"l"jl)(iz 1,2,...,60)

D,|-|D;
using the mobile Gb vectors, while the intra-DiGb angle was calculated
between the D, of the static and mobile Gbs.
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Estimation of the applicability of homoDiGb scaffolds to
existing structures by clash scoring

In total, 973 structures of target:nanobody complexes from the PDB
were used to examine the clashing potential when dimerized using
homoDiGbs. In silico (Pymol 3), two copies of the target:nanobody
complex were aligned against two Gb copies of exemplar homoDiGbs,
homoDiGbD12 or homoDiGb5-006. Target protein atoms within a
sphere of 4 A from the other copy were scored as ‘clashed’ and a cor-
responding clashing score was calculated on the basis of the total
number of clashing atoms.

Thermal stability characterization by nanoDSF

Nanobodies, Gbs and homoDiGbs were diluted to around 0.1 mg ml™
and incubated at room temperature before measurement in a Pro-
metheus NT.48 device (Nanotemper). The excitation power was100%
and temperature gradient was from 20 to 95 °Cwithaslope of 1°C min™.
Data were analyzed using PR ThermControl software (Nanotemper).
Allmeasurements were performed in technical triplicates.

Workflow for a pentameric DiGb imaging scaffold

For the generation of heteroDiGbs, heteroDiGb113:GbLysozyme and
heteroDiGb113:GbRBD1were applied through the same pipeline used
for generating heteroDiGb Gb5-006:GbEnhancer and heteroDiGb
GbC4:GbEnhancer except that, to avoid side products of homoDiGb113,
Gb113 was labeled with DTNB and then reacted with GbLysozyme
and GbRBDL.

For the in vitro reconstitution of DiGb:target complexes, the
lysozyme:heteroDiGb:Stx2aB complex was prepared by first mix-
ing Gb113:GbLysozyme heteroDiGb with lysozyme at a molar ratio
of 1:.3. The complex was PEGylated with NHS-PEG,-azide (Thermo
Fisher) at a final concentration of 2 mM on ice for 2 h and quenched
by adding 50 mM Tris buffer (pH 8.0). The lysozyme:heteroDiGb com-
plex was then purified by SEC on the Superdex 200 Increase 5/150
(GE), pre-equilibrated in 20 mM HEPES (pH 7.5) and 150 mM NacCl.
The peak corresponding to the heteroDiGb and lysozyme complex
was concentrated (Supplementary Fig. 8c), mixed with Stx2aB at
amolar ratio of 1:0.8 and used for cryo-EM specimen preparation.
The RBD:heteroDiGb:Stx2aB complex was prepared by first mixing
Gb113:GbRBD1 heteroDiGb with RBD at a molar ratio of 2:1. The com-
plex was PEGylated with NHS-PEG,-azide (Thermo Fisher) at a final
concentration of 2 mM onice for 2 h and quenched by adding 50 mM
Tris buffer (pH 8.0). The RBD:heteroDiGb complex was then purified by
SEC ontheSuperdexIncrease 7510/300 GL column (Cytiva, 29-1487-21),
pre-equilibrated in 20 mM HEPES pH 7.5 and 150 mM NacCl. The peak
correspondingto the heteroDiGb and RBD complex was concentrated
(Supplementary Fig. 8d), mixed with Stx2aB at a molar ratio of 1:0.8
and used for cryo-EM specimen preparation.

For cryo-EM specimen preparation and dataacquisition, cryo-EM
grids of the Stx2aB, Stx2aB:Gb113 and lysozyme:heteroDiGbLysozyme:
Gbl13:Stax2aB complexes were prepared by applying freshly purified
complex to Quantifoil copper, 1.2/1.3,300-mesh grids (Quantifoil) at
0.5,0.6 and 0.8 mg ml™, respectively. RBD:heteroDiGbRBD1:Gb113:
Stax2aB complexes were prepared by applying freshly purified com-
plex to Ultralfoil, 1.2/1.3, 300-mesh grids (Quantifoil) at 0.75 mg ml™.
Grids were blotted using a Vitrobot (FEI) at 4 °C and 100% humidity for
3.5 swithforce of -150n 3 plsamples, followed by plunginginto liquid
ethane. Cryo-EM datawere collected using a FEI Titan Krios operating
at300 kV with a Gatan K3 with GIF Quantum camera or Falcon 4 with
GIF Quantum camera. All datawere automatically collected using EPU
software (Thermo Fisher) withadefocus range targeting-1.6 to-2.6 pm
for Stx2aB, Stx2aB:Gb113, lysozyme:heteroDiGbLysozyme:Gb113:Stax
2aB and RBD:heteroDiGbRBD1:Gb113:Stax2aB complexes witharound
1,500 micrographs. RECQL5:Gb5-006 was automatically collected
using EPU software (Thermo Fisher) with defocus range targeting
-1.5to-2.5 pmwith around 5,000 micrographs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Cryo-EM density maps were deposited to the EMDB under accession
codes EMD-19331, EMD-19332, EMD-19333, EMD-19334, EMD-19335,
EMD-19336, EMD-19337, EMD-19338, EMD-19339, EMD-19340, EMD-
50430, EMD-50432, EMD-50433 and EMD-50525 and corresponding
coordinate files were deposited to the PDB under accession codes
8RLS, 8RL6, 8RL7, SRLS, 8RL9, 8RLA, 8RLB, 8RLC, 8RLD, 8RLE, 9FGV,
9FGX, 9FGY and 9FQK. The map and model identifiers are detailed
in Extended Data Table 1. All other data are available upon request.
Source data are provided with this paper.

Code availability
Python scripts for clash prediction analyses are provided in Supple-
mentary Code 1.
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Extended Data Fig. 1| Modular generation of homo Di-Gembodies (homoDiGbs) for cryo-EM. (a) Gb5-006 (b) GbMBP (c) GbD12 (d) GbLysozyme. Intact protein
mass spectra of Gembody monomers and homoDiGb with peaks indicated by circles in grey and green, respectively.
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Extended Data Fig. 3| Cryo-EM structural determination of RECQL5in helical, beta sheet, and loop secondary structures, respectively. (e) The Fourier
complex withahomoDiGb5-006. (a) Exemplar raw micrographs. Similar Shell Correlation curves of the overall complex and locally refined RECQLS after
images were captured on three separate occasions. (b) 2D classification results symmetry expansion (SE). (f) Particle orientation distribution of the final locally
ofinitial particles after Topaz picking. (c) Cryo-EM 3D reconstruction pipeline. refined map.

(d) Map details of RECQLS’s residues 197-209, 213-221, and 150-158, containing
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Extended Data Fig. 4 | Cryo-EM structural determination of SPNS2 in complex
with homoDiGbD12. (a) Exemplar raw micrograph. Similarimages were
captured on three separate occasions. (b) 2D classification of Topaz-picked
particles. (c) Cryo-EM 3D reconstruction pipeline. (d) Cryo-EM map of SPNS2
monomer after symmetry expansion, with map-and-model overlays for TM7
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Correlation curves of the overall dimer complex and locally refined SPNS2 after
symmetry expansion (SE). (f) Particle orientation distribution of the final locally
refined map.
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Extended DataFig. 6 | Cryo-EM structural determination of lysosomein
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(b) 2D classification of Topaz-picked particles. (c) Cryo-EM 3D reconstruction
pipeline. (d) Cryo-EM map of lysozyme monomer after symmetry expansion,
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with the bound chloride. (e) The Fourier Shell Correlation curves of the overall
dimer complex and locally refined SPNS2 after lysozyme. (f) Particle orientation
distribution of the final locally refined map.
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Extended DataFig. 7| Cryo-EM structural determination of the
RECQLS5:heteroDiGb:sfGFP complex. (a) Exemplar raw micrograph. Similar
images were captured on three separate occasions. (b) 2D classification of
particles selected by Topaz picking. (c) Cryo-EM 3D reconstruction pipeline.
(d) Overall view of sfGFP after local refinement, and structural details

of peripheral regions of the central helix (51-73) and two beta sheets
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Extended Data Fig. 8| Cryo-EM structural determination of the (e) The Fourier Shell Correlation curves of the overall complex before local
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(d) Map and model of SPNS2’s transmembrane helices of TM2, TM7 and TM11.
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Extended Data Fig. 9| 3D variability analyses of Di-Gembody structures.

Sixty models of each structure are overlaid and aligned using the static Gembody.
Static and moving Gembodies are shown in light blue and teal, respectively.
Theleftinsets indicate the reference points (yellow spheres), vectors (5,- shown
asayellow arrow) and angle S for the moving Gembody used in the analyses.

5,1 shownasablack arrow is the average vector of 5, Therightinsets show the

B < 3.66°

Di-Gembody interfaces with the local density shown in mesh, interacting
residues shown in stick, and hydrogen bonds shown with blue dashes.

Distances are shown in A. The analyses include (a) SPNS2:homoDiGb (b)
RECQLS5:homoDiGb (whole map and wobbling angle shown in Fig. 3a) (c)
RECQL5:heteroDiGb:sfGFP (whole map and wobbling angle shown in Fig. 3¢) and
(d) SPNS2:heteroDiGb:sfGFP.
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confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for
sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this information has not
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based
analysis.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For example, in the context of EM data collection, we acquired approximately 10,000 images across all samples for data processing. We
consider this number sufficient for our analysis.

Data exclusions  None

Replication Cryo-EM data collection was only carried out on a single sample in each case.
In vitro binding assays were carried out with 3 biological replicates.

Randomization  Randomization is considered in our studies. For example. Even-odd separation to two half datasets. This is standard and reckoned to be the
best way to separate image data randomly.

Blinding Blinding was not used. It is not relevant as outcomes of the experiments are not affected by knowledge of the sample.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

XXX X0 s
D00 0X X

Dual use research of concern

Antibodies
Antibodies used Gb5-006,GbD12,GbS2A4,GbEnhancer,GbH12,GbLysozyme,GbHIV.GbRBD3,GbMBP,GbC4,GbRBD1,GbRBD6,NbRECQLS
Validation Nanobodies/Gluebodies were validated by biolayer interferometry, mass spectrometry, and structural studies, as described in the

manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Spodoptera frugiperda (Sf9) cells (Thermo-Fisher Scientific, Cat. No. 11496015). Expi293F GnTl- cells (Cat# A39240; Thermo
Fisher Scientific). HEK293T cells: HEK-293T (CRL-11268, ATCC(USA))

Authentication Cell lines used (SF9/Expi293F/HEK293T) are standard laboratory model overexpression strains purchased from Thermo
Fisher. These cell lines undergo quality control before dispatch. Cells were passaged a limited number of times before a new
batch from the manufacturer was employed. Cells were monitored by regular visual inspection. These cell lines have not
been authenticated

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination

Commonly misidentified lines  No common misidentified cell lines were used in the study
(See ICLAC register)
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