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ABSTRACT

High-resolution structures of proteins are critical to un-
derstanding molecular mechanisms of biological process-
es and in the discovery of therapeutic molecules. Cryo-EM
has revolutionized structure determination of large pro-
teins and their complexes’, but a vast majority of proteins
that underlie human diseases are small (< 50 kDa) and
usually beyond its reach due to low signal-to-noise im-
ages and difficulties in particle alignment?. Current strat-
egies to overcome this problem increase the overall size
of small protein targets using scaffold proteins that bind
to the target, but are limited by inherent flexibility and
not being bound to their targets in a rigid manner, result-
ing in the target being poorly resolved compared to the
scaffolds®''. Here we present an iteratively engineered
molecular design for transforming Fabs (antibody frag-
ments), into conformationally rigid scaffolds (Rigid-Fabs)
that, when bound to small proteins (~20 kDa), can enable
high-resolution structure determination using cryo-EM.
This design introduces multiple disulfide bonds at strate-
giclocations, generates a well-folded Fab constrained into
a rigid conformation and can be applied to Fabs from var-
ious species, isotypes and chimeric Fabs. We present ex-
amples of the Rigid Fab design enabling high-resolution
(2.3-2.5 A) structures of small proteins, Ang2 (26 kDa) and
KRAS (21 kDa) by cryo-EM. The strategies for designing
disulfide constrained Rigid Fabs in our work thus establish
a general approach to overcome the target size limitation
of single particle cryo-EM.

MAIN

Technological advances in cryogenic electron microscopy (cryo-
EM) have enabled the determination of high-resolution struc-
tures of large proteins and protein complexes. Solving the struc-
tures of small proteins (< 50 kDa), however, remains a major
challenge, as their lack of distinctive low-frequency structural
features and the low signal-to-noise ratio in cryo-EM images
prevents accurate single-particle image alignment. Yet, most
proteins in both prokaryotic and eukaryotic cells, including
many drug targets, are smaller than 50 kDa'2. Consequently, this
powerful technique remains largely inaccessible for a vast pro-
portion of the proteome.

Several approaches have been proposed to address this prob-
lem. Most of these seek to increase the apparent size of the small
protein by designing another protein, a “structure chaperone’,
that binds with high affinity to the small protein. Structure chap-
erones, such as designed ankyrin repeat proteins (DARPins),
nanobodies, or Fabs, can be evolved using in vivo and in vitro
methods to bind to specific targets. The small size (~15 kDa) of
DARPins and nanobodies, however, limits their use as struc-

ture chaperones for cryo-EM. To overcome this limitation, both
nanobodies and DARPins have been fused or bound to other
proteins to produce elaborate scaffolds, such as “legobodies™?,
“pro-macrobodies™, “megabodies™", and self-assembling protein
cages™®, of sufficient size to visualize a small protein of interest.
However, inherent flexibility of the resulting fusion proteins and
assemblies**** limits the overall resolution of the small target
protein, which is often poorly resolved (Extended Data Fig. 1).

Fabs, on the other hand, possess several favorable properties
that make them an attractive option as structure chaperones: (a)
novel Fabs can be discovered using well-established methods to
bind almost any target with high affinity; (b) at ~50 kDa, Fabs by
themselves are theoretically large enough to be resolved to high
resolution via cryo-EM'S; (c) their distinctive shape provides a
recognizable feature that facilitates accurate image alignment".
The primary limitation of Fabs as structure chaperones for cryo-
EM has been their inherent conformational flexibility"®.

Here, we applied iterative structure-guided protein engineer-
ing to manually design >100 Fabs variants in an effort to re-
duce flexibility at the elbow angle, by introducing new disulfide
bonds at strategic locations. These designs were first tested for
expression, proper folding, and a narrow set of them resulted in
well-folded Fabs and maintained affinity for the antigen. We then
assessed the flexibility of the various designs by solving cryo-EM
structures of relatively large antigen-Fab complexes and arrived
at Fab designs that were translatable across species and chimeras,
that rendered the Fab conformationally rigid . We then trans-
lated these designs to Fabs against two small targets, Ang2 (26
kDa) and KRAS (21 kDa) and demonstrated that Rigid Fabs can
enable high-resolution (~2.3-2.5 A) structure determination of
both small proteins using cryo-EM. These elegant solutions are
transferable to practically any Fab against any target and could
allow high resolution structure determination of any small pro-
tein.

Design, iteration and characterization of Rigid Fabs

Crystal structures of Fabs have revealed that there is a high de-
gree of varijability in the elbow angle between the variable and
constant domains (115-225°) (Extended Data Fig. 2A)'. This
flexibility frequently causes the constant domain of the Fab to be
poorly resolved in cryo-EM maps, and masks are often applied
during refinement to exclude the Fab constant domain in order
to achieve higher resolution at the Fab-antigen interface for large
antigen-Fab complexes. Thus, only the ~25 kDa variable domain
of the Fab is fully utilized in these cases to aid in image alignment.
If the Fab were conformationally rigid with a distinctive shape,
however, including the constant domain would (a) increase the
overall ordered size of the particle by ~50 kDa, (b) alleviate the
need for a mask to discount the constant domain, and (c) im-
prove image alignment, leading to improved resolution of the
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Figure 1 | Design and characterization of rigid Fabs.

(A) Design of Rigid Fabs. To engineer Fabs that are conformationally rigid, two (2DS) or four (4DS) intrachain disulfides were introduced in the
elbow region of both the light (gray) and heavy (yellow) chains to restrict the elbow angle between the variable and constant domains. Two addi-
tional interchain disulfides were introduced in the constant domain to further reduce the flexibility of this domain, leading to a Rigid Fab design
containing six engineered disulfides (6DS). (B) Crystal structure of E104.v1.6DS Fab. Center, cartoon representation of E104.v1.6DS (HC, yellow;
LC, gray) with disulfides shown in spheres (2DS disulfides, cyan; 4DS disulfides, blue; 6DS disulfides, pink). Insets show electron density contoured
at 1o for each of the engineered disulfides. (C-F) maps of tryptase complexes with (C) W', (D) 2DS, (E) 4DS, and (F) 6DS variants of the E104.v1
Fab colored by local resolution. (G-N) EM density for selected map regions illustrating improvement in resolution with increasingly rigid constructs
of E104.v1: (G-]) tryptase P84-S86 (green sticks) and (K-N) E104.v1 HC A31-A34 (yellow sticks) from the indicated tryptase-Fab structures.
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constant domain and of the antigen-Fab complex overall. For a
truly conformationally rigid Fab, the local resolution throughout
the Fab would be expected to be relatively uniform.

Previous attempts to generate conformationally rigid Fabs
utilized phage display to shorten and mutate the heavy chain
(HC) elbow of the Herceptin Fab framework, and clones were
selected based on their thermal stability'®. However, use of Fabs
with these modifications in cryo-EM studies revealed that they
are still quite flexible'"*?? (Extended Data Fig. 1F). To generate
truly conformationally rigid Fabs, we sought protein engineer-
ing solutions to restrict the flexibility between the variable and
constant domains that could be easily transferred between Fabs
from different species, frameworks, as well as chimeric Fabs with
variable and constant domains from different species.

Our analysis of structural alignments of existing crystal struc-
tures of Fabs from various species and frameworks revealed that
rabbit Fabs are naturally less flexible than human or murine Fabs.
(Extended Data Fig. 2A, Extended Data Table 1). This reduced
flexibility is likely due to an interdomain disulfide between res-
idues C80 and C171 (Kabat numbering) in the light chain (LC)
elbow?. Structural analysis indicated that mutation of the cor-
responding residues in human Fabs, P80 and S171, to cysteine
could allow for disulfide bond formation. We hypothesized that
introducing additional disulfide bonds in the elbow region could
result in Fabs that are conformationally even more rigid (Fig. 1A).
We analyzed structures of Fabs in the Protein Data Bank (PDB)
and identified additional pairs of conserved residues (E81:5168,
F83:Q166, 1106:5171 in the LC and L11:P151, T110:P151 in the
HC, anti-Tryptase Fab in 6VVU as reference) that were in close
proximity with CB-Cp distance < 5.5 A and oriented such that
cysteine mutations may allow formation of disulfide bonds con-
necting the variable and constant domains. (Extended Data Fig.
2B).

To assess the rigidity of the Fab designs, we chose the sym-
metric tetramer of human B-tryptase (120 kDa) and E104.v1, an
anti-tryptase Fab that forms a 4:4, ~320 kDa complex with trypt-
ase?’. We mutated the residue pairs mentioned above to cysteines
in E104.v1 to generate Fabs that contained an elbow disulfide
in their LC, HC, or both. Expression levels of the Fab variants
were comparable to wild type (WT), and intact protein LC-MS
indicated that each Fab had the expected additional number of
disulfide bonds. Biolayer interferometry (BLI) showed that all
Fab variants exhibited identical binding affinity and kinetics as
E104.v1.WT and formed a 4:4 complex with tryptase (Extended
Data Fig. 3).

We collected cryo-EM datasets for samples of the tryptase te-
tramer in complex with E104.v1.WT or with a construct contain-
ing two elbow disulfides (2DS) formed by variants L11C:P151C
in the HC and P80C:S171C in the LC. For the WT dataset, we
obtained a reconstruction with a resolution of 2.9 A (Fig. 1C,
Extended Data Fig. 4A-E, Extended Data Table 2). The tryptase
tetramer was the best-resolved part of the structure, and the Fabs
were relatively poorly resolved, especially in the constant do-
mains, consistent with the expected flexibility of WT Fab. From
the 2DS dataset, we obtained a reconstruction with an improved
resolution of 2.7 A (Fig. 1D, Extended Data Fig. 4F-], Extend-
ed Data Table 2) and higher local resolution in tryptase, as well
as the Fab variable and constant domains, compared to the WT
structure, indicating that the 2DS Fab was indeed less flexible
than the WT Fab (Fig. 1C-D, 1G-H, 1K-L).

Though the 2DS Fab was more rigid than the WT Fab, the
constant domains of the 2DS Fab were still less well resolved
than the variable domains, indicating some flexibility remained
in the 2DS Fab elbow. To generate Fabs that are more rigid, we
identified additional sites in the Fab LC and HC elbows to in-
troduce more disulfides to further constrain the conformation
of the Fab (Fig. 1A, Extended Data Fig. 2C). The structure of

the E104.v1.WT-tryptase complex (PDB code 6VVU) indicat-
ed that the mutations P40C:E165C in the LC could lead to di-
sulfide formation. In the HC, L108 and P153 were too far apart
(CB-Cp distance = 6.3 A) to allow for disulfide formation with
L108C:P153C mutations. Since P153 is in a loop, we inserted a
cysteine residue between E152 and P153 to lengthen the loop
and position the new cysteine close enough to enable disulfide
bond formation with L108C. This design, 4DS, contained a to-
tal of four intrachain disulfides in the elbow region, two in each
chain (Fig. 1A). As with the 2DS Fabs, the various 4DS Fabs ex-
pressed at levels similar to E104.v1.WT, possessed all four engi-
neered elbow disulfides as indicated by intact LC-MS analysis,
and bound to tryptase with similar binding affinity and kinetics
as E104.v1.WT (Extended Data Fig. 3). To further characterize
these Fabs, we crystallized and solved structures of the 4DS Fab
variants at a resolution of 2.0 A (Extended Data Fig. 2E-F, Ex-
tended Data Table 3). The structures confirmed that all four el-
bow disulfides formed as designed. To determine whether the
additional elbow disulfides in the 4DS Fab would further reduce
flexibility, we collected a cryo-EM dataset for the tryptase-4DS
Fab complex and obtained a 3D reconstruction with a resolution
of 2.5 A (Fig. 1E, Extended Data Fig. 4K-O, Extended Data Table
2). Strikingly, in addition to the improved overall resolution, we
observed notable improvements in local resolution throughout
the structure including several well-resolved water molecules
(Fig. 1E, 11, 1M), and especially in the constant domains of the
Fabs, demonstrating that the new disulfides in the 4DS Fab sig-
nificantly increased the rigidity of the Fab.

We observed that the C-termini of the constant domains of
the 4DS Fabs still retained some flexibility relative to the rest of
the Fab (Fig. 1E) and sought to engineer this region of the Fab
to further decrease flexibility. We examined our 4DS Fab crystal
structures and identified additional sites in the constant domain
where we could introduce interchain disulfides between the LC
and HC (Extended Data Fig. 2D). We designed and expressed
variants of E104.v1 that contained pairs of cysteine mutations
at one or more of these sites in combination with the 4DS el-
bow mutations. All of the 5DS/6DS Fabs bound to tryptase with
similar binding affinity and kinetics as E104.v1.WT (Extended
Data Fig. 3), demonstrating that the constant domain mutations
also do not negatively affect the ability of the Fab to bind antigen.
Furthermore, crystal structures of a 5DS (F116CLC:A141CHC)
and a 6DS (F116CLC:A141CHC and Q124CLC:F126CHC) Fab
further confirmed proper formation of all engineered disulfides
(Fig. 1B, Extended Data Fig. 2G, and Extended Data Table 3). We
collected a cryo-EM dataset for the tryptase-6DS Fab complex
and obtained a 3D reconstruction with an overall resolution of
2.4 A (Fig. 1F, Extended Data Fig. 4P-T, Extended Data Table
2). Overall, the 6DS map was very similar to the 4DS map with
some improvements in local resolution, especially at the C-ter-
mini of the constant domains, consistent with the interchain
disulfides in the constant domain increasing the rigidity of that
domain (Fig. 1F, 1], IN). Comparison of ResLog plots for each
of the tryptase-Fab complexes further demonstrated that each
additional pair of engineered disulfides in the Fab led to marked
improvements in the quality of the data, while also reducing the
number of particles required to achieve higher resolutions (Ex-
tended Data Fig. 4U)%,

Modularity of Rigid Fab designs

In light of our success designing rigid versions of E104.v1, a fully
humanized Fab, we speculated that the same designs could be
applied to rigidify Fabs derived from other species or chimeras.
We selected the murine Fab 7A9 and the human-mouse chime-
ric Fab fragment from Rituximab (RTX), which target the mem-
brane proteins Navl.7 and CD20, respectively. Previous cryo-
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Figure 2 | Cryo-EM structures of Nav1.7-7A9 Fab and CD20-RTX Fab complexes.

(A and B) Composite cryo-EM maps of Navl.7 complexes with (A) WT or (B) 4DS variants of the 7A9 Fab colored by local resolution. Dashed
boxes indicate the constant domains of the Fabs. (C-F) EM density for selected map regions illustrating improvements in resolution in the 7A9 HC
(C-D) and LC (E-F) from the indicated structures. (G and H) Composite cryo-EM maps of CD20 complexes with (G) WT or (H) 4DS variants of
the rituximab (RTX) Fab colored by local resolution. Dashed boxes indicate the constant domains of the Fabs. (I-L) EM density for selected map
regions illustrating improvements in resolution in the RTX HC (I-] )or LC (K-L) from the indicated structures.
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EM structures of these WT Fabs bound to Navl.7 and CD20
revealed inherent flexibility in the Fabs***””. We generated 4DS
variants of both 7A9 and RTX Fabs, using cysteine mutations at
the same exact positions (Kabat numbering) as those introduced
in the E104.v1.4DS Fab. Intact LC/MS analysis indicated that all
four elbow disulfides were formed in both 7A9.4DS and RTX
.4DS Fabs. We then collected cryo-EM datasets for each antigen
bound to either the WT Fab or 4DS Fab (Fig. 2, Extended Data
Fig. 5). For Navl.7, which forms a 4:2 Nav1.7:Fab complex, the
overall resolution of the consensus 3D reconstructions for both
the Nav1.7-7A9.WT and Nav1.7-7A9.4DS complexes was 2.6 A
(Fig. 2A-B, Extended Data Fig. 5-6, Extended Data Table 4). Lo-
cal refinement with a mask around the Fabs in the 7A9.4DS com-
plex led to greater improvements in local resolution compared
to 7A9.WT, especially in the constant domain, consistent with
7A9.4DS having increased rigidity (Fig.2A-F, Extended Data Fig.
5).

For CD20, which forms a 2:2 CD20-RTX Fab complex, the
overall resolution of the consensus 3D reconstructions for both
the CD20-RTX.WT and CD20-RTX.4DS complexes was 2.6 A
(Fig.2G-H, Extended Data Fig. 6, Extended Data Table 4). The
constant domains of the 4DS Fabs were resolved to a much high-
er resolution than the WT Fabs, confirming that the 4DS mu-
tations did indeed render the Fab significantly more rigid (Fig.
2G-L). This increased rigidity of RTX.4DS appeared to lead to
lower resolution of the portions of the CD20 transmembrane he-
lices distal to the Fab binding site, compared to the map obtained
for the RTX.WT complex (Extended Data Fig. 6). We suspect
that this effect was in part due to the nature of the CD20-RTX
complex, in which two Fabs bind to one side of the CD20 dimer
and to each other. The rigidity and greater mass of the 4DS Fabs,
combined with the relative intrinsic flexibility of CD20 and add-
ed alignment noise from the detergent micelle surrounding it,
likely caused the Fabs to become very well aligned at the cost of
alignment accuracy and resolution in the regions of CD20 distal
from the Fabs during refinement. In the case of the WT complex,
the flexibility of the Fabs caused the constant domains to have
less weight in determining particle alignments, allowing for im-
proved alignments for CD20 compared to the 4DS Fab complex.
Iterative local refinements using masks to exclude the 4DS Fab
constant domains, followed by exclusion of the entire Fab, led
to significant improvements in the resolution of the intracellular
side of the CD20 helices (Extended Data Fig. 6L). The consensus
map and focused maps were combined to generate a compos-
ite map that had improved resolution at the Fab-CD20 interface,
as well as throughout CD20. The same procedure was applied
to the RTX.WT dataset, leading to a final composite map with
similar overall resolution to the RTX.4DS composite map (Fig.
2G-H, Extended Data Fig. 6). Thus, even though the rigidity of
the 4DS Fab initially led to lower resolution of the antigen, local
refinements were able to ameliorate this effect. While this effect
was not ideal for solving a structure of this particular antigen,
our observation that the RTX.4DS Fab could so strongly drive
particle alignments underscored the marked increase in rigidity
of 4DS Fab variants relative to WT Fabs.

Overall, the increased rigidity observed for both the 4DS vari-
ants of the 7A9 and RTX Fabs demonstrated the modularity of
the 4DS Rigid Fab design. The same set of mutations introduced
in the humanized E104.v1.4DS Fab successfully resulted in con-
formationally rigid Fabs against other antigens, even for murine
or chimeric Fabs like 7A9 and RTX, respectively.

Rigid Fabs enable high-resolution structures of small
proteins

To date, there are no cryo-EM structures of Fabs in complex with
monomeric antigens smaller than 50 kDa in the EMDB with

resolutions better than ~3.0 A, and only 7 unique monomer-
ic antigen-Fab complexes with resolutions better than ~3.5 A,
underscoring the difficulty of using flexible WT Fabs to solve
high-resolution structures of small antigens. In addition, there
are no structures currently in the EMDB of monomeric antigens
smaller than 50 kDa bound to any structure chaperone that have
resolutions better than ~3.0 A. We next sought to determine
whether Rigid Fabs, given their moderate size, were sufficient to
enable high resolution structures of small antigens. To test this,
we selected the cytokine Ang2 (26 kDa), an extracellular protein
and the GTPase KRAS (21 kDa), an intracellular protein, both of
which are monomeric, as targets and generated a 6DS variant of
the anti-Ang2 Fab 5A12 and a 4DS variant of the anti-KRAS Fab
2H11 based on our designs for the 4DS and 6DS variants of the
anti-tryptase Fab E104.v1%%.

High-resolution cryo-EM structure of a 26 kDa cytokine

To evaluate if we could use Rigid Fabs to solve a high resolu-
tion cryo-EM structure of Ang2, we first generated a 6DS variant
of the 5A12 Fab by introducing cysteine mutations at the same
positions as in the E104.v1.6DS Fab and assembled a 74 kDa
Ang2-5A12.6DS Fab complex. To further increase the mass of
the sample and improve our chances at obtaining a high reso-
lution structure, we also generated a fusion of the Protein A D
domain to Protein G (ProA-ProG) and formed a ternary com-
plex with 5A12.6DS bound to Ang2 (Extended Data Fig. 7A).
We then collected a cryo-EM dataset for this complex, but 2D
class averages revealed that the vast majority of the particles con-
tained only Ang2 and the 6DS Fab, suggesting that the affinity
of ProA-ProG was not high enough to remain bound at the low
sample concentrations used during grid freezing (Extended Data
Fig. 7B). Despite the small size (74 kDa) of the Ang2-5A12.6DS
complex, secondary structure in both Ang2 and the Fab were
surprisingly clearly resolved in the 2D class averages. Through
iterative rounds of heterogeneous refinement, particles contain-
ing ProA-ProG were removed, leaving a particle stack contain-
ing only the Ang2-5A12.6DS complex. These particles were then
used to generate a 3D reconstruction with an overall resolution
of 2.7 A, with most regions of Ang2 reaching higher resolutions,
up to 2.3 A (Fig. 3B, Extended Data Fig. 7C-E, Extended Data
Table 5). The local resolution is relatively uniform (~2.4-2.8 A)
throughout Ang2 and the Fab, consistent with 5A12.6DS being
conformationally rigid (Fig. 3B). The overall structure of Ang2
is nearly identical to that observed in the 2.3 A crystal structure
of Ang2 and 5A12.WT (RMSD = 0.36 A)®. The resolution of
the map enabled unambiguous placement of side chains in Ang2,
the Fab, and the Ang2-Fab interface, and of several water mol-
ecules (Fig. 3C-G) , highlighting that using a Rigid Fab design
enabled high-resolution structure determination of the 26 kDa
Ang2 by cryo-EM.

High-resolution cryo-EM structure of a small molecule
bound to 21 kDa KRAS

Next, we reasoned that Rigid Fabs could be used to accelerate
structure-based drug design efforts by enabling high-resolution
cryo-EM structure determination of small molecule drug targets,
many of which are < 50 kDa and sometimes can be intractable
for structure determination by crystallography or cryo-EM. We
chose the 21 kDa GTPase KRAS, for which a Fab has been re-
ported29. Unlike the Fabs described so far in the current work,
the anti-KRAS Fab 2H11 contains a lambda LC rather than a
kappa LC. Lambda LCs are slightly longer, which leads to a wider
range of possible elbow angles'®. Analysis of published crystal
structures of 2H11 Fab-KRAS%"*“ complexes indicated that this
Fab is indeed highly flexible29 and that the LC cysteine muta-
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Figure 3 | Cryo-EM structure of Ang2-5A12.6DS Fab complex.

C

(A) Cryo-EM map of Ang2-5A12.6DS Fab complex at a resolution of 2.7 A with Ang2 in pink, Fab HC in yellow, and LC in light gray. (B) Cryo-
EM map of Ang2-5A12.6DS complex colored by local resolution. (C-G) EM density for the entire Ang2-5A12.6DS complex (C) and selected map
regions (D-G) illustrating high resolution features, with Ang2 in magenta, RTX LC in gray, and HC in yellow.

tions used in our previous 2DS and 4DS designs would likely
not be compatible with elbow disulfide formation in this Fab. To
form the disulfide corresponding to the LC disulfide introduced
in the 2DS design, we inserted a cysteine between N170 and
N171 rather than a N171C mutation, as N171 was likely too far
from S80 for disulfide formation (Extended Data Fig. 8A). For
the second LC disulfide, we used the mutation K166C instead
of Q167C since K166 was closer to P40 (Extended Data Fig. 8A).
Using these mutations, we generated constructs for 4DS and 6DS
variants of 2H11. While the 2H11.6DS Fab did not express, we
were able to express and purify 2H11.4DS, and LC/MS indicated
that all four elbow disulfides had formed. We proceeded to use
2H11.4DS to form a complex with KRAS%* conjugated to the
covalent inhibitor GNE-1952 and collected a cryo-EM dataset
(Extended Data Fig. 8). This led to a 3D reconstruction with an
overall resolution of 2.8 A for the whole complex, with regions
of KRAS and the Fab variable domain having local resolutions of
~2.5 A (Fig. 4A-C, Extended Data Fig. 8C-H, Supplementary Ta-
ble 5). The local resolution of the Fab constant domain was mar-

ginally lower than in the variable domain, unlike 5A12.6DS, con-
sistent with 4DS Fabs being slightly more flexible than 6DS Fabs.
Local refinement with a mask to exclude the constant domain led
to an overall resolution of 2.7 A with improvements in local reso-
lution in KRAS, the Fab variable domain, and the ligand-binding
sites, with several regions reaching ~2.3 A resolution (Fig. 4C).
The overall structure of KRAS, GDP, and GNE-1952 in our work
is nearly identical to the published crystal structure (RMSD =
0.67 A)*. Importantly, the high resolution features at 2.3 A in
the ligand-binding sites for GDP and the inhibitor GNE-1952
enabled unambiguous placement of both ligands, as well as the
covalent linkage between C12 and GNE-1952 (Fig. 4D-F). Side-
chains throughout the KRAS%'"*® portion of the structure were
also very well-resolved (Fig. 4D, and Fig. 4G-H).

Discussion

Computational methods for structure determination such as Al-
phaFold***, allow valuable modeling of the overall structures of
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Figure 4 | Cryo-EM structure of KRAS®2¢-GNE-1952-2H11.4DS Fab complex.

(A) Cryo-EM map of KRAS2C.GNE-1952-2H11.4DS Fab complex at a resolution of 2.8 A with KRASS2¢ in cyan, GNE-1952 in pink, GDP in
green, 2H11.6DS HC in yellow, and LC in light gray. (B) map of KRAS“*“-GNE-1952-2H11.4DS complex colored by local resolution. (C) Locally
refined cryo-EM map of KRAS®'?*¢-GNE-1952-2H11.4DS complex colored by local resolution. (D-H) EM density for the entire KRAS%*°-GNE-
1952-2H11.4DS complex (D), GNE-1952 covalently bound to C12 (E), GDP (F), and selected regions of KRAS"*“ (G-H) illustrating high resolu-

tion features.

proteins and protein complexes. Such modeling is now routinely
being used to generate useful hypotheses to advance our under-
standing of interactions of proteins with other molecules and to
expedite structure determination by providing initial models
as starting points for experimental maps from either crystal-
lography or cryo-EM. However, these models do not replace
experimental structure determination®. The need for accurate,
experimental structure determination of proteins and protein
complexes to high resolution continues to exist. Small proteins
(< 50 kDa) encompass a vast majority of all known proteins, es-
pecially in the context of drug targets in humans and pathogens.
While several of these proteins are amenable to high-resolution
structure determination by x-ray crystallography, many others
have had limited success due to low expression, low solubility, or
lack of crystallizability. Cryo-EM circumvents these challenges,
because it requires low protein amounts and concentrations, yet
remains challenging when working with small proteins, which

are plagued by low signal-to-noise ratio and lack distinctive fea-
tures for particle alignment. In this study, we demonstrate that
Rigid Fabs increase the effective size of the target protein in a
rigid manner and improve particle alignment and pose assign-
ment. This results in high-resolution structure determination of
proteins as small as ~21 kDa, revealing features, such as water
molecules and unambiguous placement of specific conforma-
tions of protein side chains, atoms, and small ligands, like in-
hibitors and co-factors. The modularity of our Rigid Fab designs
allows their straightforward application to nearly any existing
Fab or newly discovered Fab independent of its source and
against any target, making this powerful tool accessible to all
researchers. This modularity would especially be impactful in a
drug discovery setting allowing: (a) faster structure determina-
tion of antigen-fab complex structures and epitope mapping for
improved antibody discovery and optimization in early stages of
immunization campaigns; and (b) iterative structure based drug
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design for small molecule drug targets that cannot be enabled
using x-ray crystallography.

The modularity of the Rigid Fab designs is made possible by
the highly conserved fold and architecture of Fabs across differ-
ent species, precluding the need for a pre-existing structure of
the Fab of interest in order to design a rigid version of the Fab.
Sequence alignments with the Rigid Fabs presented in this study
(Extended Data Fig. 9A-B) should be sufficient in most cases
to identify sites to introduce the cysteine mutations needed to
form disulfides to rigidify other Fabs. Furthermore, our Rigid
Fab designs have resulted in Fabs that adopt a specific confor-
mation (Extended Data Fig. 9C). The inherent flexibility of Fabs
likely makes it possible for most Fabs to sample this conforma-
tion during expression and folding, enabling disulfide bond for-
mation using the set of elbow and constant domain mutations
from our designs. Our data suggests that the introduction of the
described four disulfide bonds (4DS) in the Fab elbow region
should suffice for high-resolution (~2.5 A) structure determi-
nation of a small protein, but that introduction of six disulfide
bonds (6DS) can further improve the resolution.

Rigid Fabs are likely to be most transformative in the study of
small (<50 kDa) protein targets. For larger targets (e.g. ~130 kDa
Navl1.7 tetramer or ~45 kDa CD20 dimer), which likely feature
more intrinsic flexibility than the Fab itself, we anticipate that
Rigid Fab technology can also facilitate high-resolution struc-
ture determination at the Fab-antigen interface but may still
need to be coupled with image processing strategies, such as fo-
cused refinements or flexibility analysis in order to achieve high
resolutions throughout a large, flexible target. Alternatively, or
as a complement to such an approach, one may deploy multiple
Rigid Fabs against epitopes present on opposite “sides” of the tar-
get, in which case, the Fabs would aid not only in particle align-
ment, but also in 3D classification or flexibility analysis. None
of these approaches should be needed, however, when the target
proteins are suitably small and rigid. By enabling structure deter-
mination of targets previously intractable by cryo-EM or crystal-
lography, most notably those with molecular weights < 50 kDa,
Rigid Fab technology can now accelerate basic research into mo-
lecular mechanisms of action of proteins involved in pathways
of interest, as well as speed up structure-guided drug discovery
and optimization.
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DATA AVAILABILITY

Coordinates and related data for the crystal structures of the
E104.v1.4DS.S112F, E104.v1.4DS.A114F, E104.v1.5DS, and
E104.v1.6DS have been deposited in the PDB with the following
accession codes, respectively: 8VEG, 8VGE, 8VGE, and 8VGG.
Coordinates and cryo-EM maps for the structures of tryptase
in complex with E104.v1.WT, E104.v1.2DS, E104.v1.4DS, and
E104.v1.6DS have been deposited in the PDB and EMDB with
the following accession codes, respectively: PDB 8VGH/EMD-
43200, PDB 8VGI/EMD-43201, PDB 8VGJ/EMD-43202, and
PDB 8VGK/EMD-43203. Coordinates and cryo-EM maps for
the structure of Nav1.7 in complex with wild type 7A9 Fab have
been deposited in the PDB and EMDB with the following acces-
sion codes: PDB 8VGL (model), EMD-43204 (composite map),
EMD-43205 (consensus map), EMD-43206 (focused refinement
of 7A9 Fab), and EMD-43207 (focused refinement of Navl.7).
Coordinates and cryo-EM maps for the structure of Nav1.7 in
complex with 7A9.4DS Fab have been deposited in the PDB and
EMDB with the following accession codes: PDB 8VGM (model),
EMD-43208 (composite map), EMD-43209 (consensus map),
EMD-43210 (focused refinement of 7A9 Fab), and EMD-43211
(focused refinement of Nav1.7). Coordinates and cryo-EM maps
for the structure of CD20 in complex with wild type Rituximab
Fab have been deposited in the PDB and EMDB with the follow-
ing accession codes: PDB 8VGN (model), EMD-43212 (compos-
ite map), EMD-43213 (consensus map), EMD-43214 (focused
refinement of Fab variable domain and CD20), and EMD-43215
(focused refinement of CD20). Coordinates and cryo-EM maps
for the structure of CD20 in complex with Rituximab.4DS Fab
have been deposited in the PDB and EMDB with the following
accession codes: PDB 8VGO (model), EMD-43216 (composite
map), EMD-43217 (consensus map), EMD-43218 (focused re-
finement of Fab variable domain and CD20), and EMD-43219
(focused refinement of CD20). Coordinates and cryo-EM maps
for the structure of Ang2 in complex with 5A12.6DS have been
deposited in the PDB and EMDB with the following accession
codes: PDB 8VGP, EMD-43220. Coordinates and cryo-EM maps
for the structure of KRAS®?“in complex with 2H11.4DS have
been deposited in the PDB and EMDB with the following acces-
sion codes: PDB 8VGQ, EMD-43221.
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