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ABSTRACT ARTICLE HISTORY
Respiratory syncytial virus (RSV) is the most common cause of acute lower respiratory tract infections Received 7 May 2021
resulting in medical intervention and hospitalizations during infancy and early childhood, and vaccination Revised 30 June 2021
against RSV remains a public health priority. The RSV F glycoprotein is a major target of neutralizing ~ Accepted 12 July 2021
antibodies, and the prefusion stabilized form of F (DS-Cav1) is under investigation as a vaccine antigen.  kgywoRDps

AM14 is a human monoclonal antibody with the exclusive capacity of binding an epitope on prefusion RSV; antigen; antibody;
F (PreF), which spans two F protomers. The quality of recognizing a trimer-specific epitope makes AM14 vaccine; epitope; structural
valuable for probing PreF-based immunogen conformation and functionality during vaccine production. vaccinology; cryo-EM
Currently, only a low-resolution (5.5 A) X-ray structure is available of the PreF-AM14 complex, revealing

few reliable details of the interface. Here, we perform complementary structural studies using X-ray

crystallography and cryo-electron microscopy (cryo-EM) to provide improved resolution structures at

3.6 A and 3.4 A resolutions, respectively. Both X-ray and cryo-EM structures provide clear side-chain

densities, which allow for accurate mapping of the AM14 epitope on DS-Cavl. The structures help

rationalize the molecular basis for AM14 loss of binding to RSV F monoclonal antibody-resistant mutants

and reveal flexibility for the side chain of a key antigenic residue on PreF. This work provides the basis for

a comprehensive understanding of RSV F trimer specificity with implications in vaccine design and quality

assessment of PreF-based immunogens.

Introduction which also has a C-terminal ‘foldon’ domain for additional
stabilization of the trimer.® In clinical trials, several vaccine
development efforts that used a PostF antigen failed to provide
adequate protection,” whereas use of the engineered PreF DS-
Cavl molecule has been shown to elicit high neutralizing
titers.'"” Moreover, PreF is the primary target of neutralizing

Human respiratory syncytial virus (RSV) is a negative-sense,
enveloped, RNA virus that causes respiratory tract infections."
Newborns, children, and the elderly are high-risk populations
for severe lower respiratory tract infections mediated by RSV.”

As a major unmet medical need, RSV has been a high priority o . ; ; .
for vaccine development for several decades.” While there is antibodies (nAbs) induced during natural infection and cap-

still no licensed vaccine available against RSV, several pro- able of efﬁaleln tly depleting protective anti-RSV antibodies in
45 human sera.

grams are currently in clinical development.™ . . .
Conformation-dependent access to neutralizing epitopes on

The native F antigen is synthesized as an inactive precursor .
& A Ve P the surface of F has been demonstrated, revealing the presence
(FO) that becomes active upon cleavage by a furin-like protease .. « . .
of at least four distinct “antigenic sites” that can either be

into subunits F1 and F2, resulting in the release of peptide p27. ) .
RSV F is a metastable, trimeric class 1 fusion protein anchored shared between PreF and PostF (e.g, site II, bound b‘/lg’_a};“'

to the viral surface and capable of spontaneously and irrever- zumab and motav1zun.1ab, and site IV, b01.1nd by 101E), or

sibly changing conformation from a pre- (PreF) to a post- that are present exclusively on PreF (e.g., site @, bound by D25,

fusion (PostF) form to facilitate fusion of the viral envelope and site V, .bound by hRSVS0, CR9501, and RSBI).

with the host membrane.® Of the recombinant antigens used in Importantly, sites that are only present on PreF are targeted
. . T ) . ., by the more potent neutralizing antibodies known so far, while

ongoing clinical studies, one is a pre-fusion-stabilized form of . ith I both d

the RSV fusion antigen F, known as DS-Cavl’ due to engineer- sites present on either PreF only or both Pref and Postk

ing of a disulfide (DS) bond and cavity-filling (Cav) mutations, g;‘;‘fé?&ss majority of the human B-cell repertoire for
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The monoclonal antibody (mAb) AMI14 is a potent RSV
neutralizing antibody that recognizes a quaternary epitope on
the trimeric PreF protein,'” thus of major interest as a key
reagent for probing the antigen trimeric state during vaccine
development. Undoubtedly, high-resolution epitope mapping
plays a critical role in vaccine research and development
projects.”” Information on antigen-antibody interactions
usually guides the rational design of antigens and antibodies
that can elicit desired neutralizing or protective responses,
while also providing insights into functional regions.
Previously, only low-resolution (5.5 A) information on the
AM14 epitope of PreF was obtained from a crystal structure
of a ternary complex between DS-Cavl and antigen-binding
fragments (Fabs) of AM14 and motavizumab.'” Although the
positioning of AM14 was supported by the generation of mAb-
resistant mutants (MARMSs), the lack of side-chain densities
resulted in an incomplete analysis of specific interactions. In
this study, we sought to improve the resolution of the AM14
epitope on DS-Cavl, so that we could precisely delineate anti-
body/antigen contacts, and at the same time compare resolu-
tions achievable by complementary 3D  structure
determination methods. For this, we solved both X-ray and
cryo-EM structures of the DS-Cavl-FabAM14 complex, at 3.6
and 3.4 A resolution, and below we describe and discuss the
implications of high-resolution structure determination, using
orthogonal methods, for vaccine design.

Results

Improved resolution of the DS-Cav1-AM14 complex by
X-ray and cryo-EM

To better understand the RSV PreF epitope targeted by mAb
AM14, we determined the crystal structure of DS-Cavl bound
by Fab AM14 at 3.6 A resolution (Figure 1a), a ~ 2 A improve-
ment over previously published data.'” The complex crystal-
lized in a buffer condition which was different from that of the
previously reported structure (see Methods), and diffraction
data were scaled into space group C2 with the asymmetric unit
found to contain one DS-Cavl trimer bound by three copies of
Fab AM14. The structure was solved by molecular replacement
(see Methods), and the final coordinates refined to Ryori/Reree
values of 20/24% (Table 1). Clear electron densities for back-
bone and side-chain residues were observed throughout the
majority of the complex, especially at the DS-Cavl-AMI14
interface (Figure 2a), an improvement to the previously deter-
mined lower resolution structure. In the current structure,
areas of disorder/weak electron density and high B-factors
include the Fab constant portions, helices near the foldon
(the foldon is not visible in the crystal structure), and the DS-
Cavl apex (site @) (Figure 2b), which is often the case for
structures not stabilized by Fabs of site @-directed mAbs.”
Simultaneous with the X-ray structure, we also successfully
used single-particle cryo-EM to improve the resolution of the
DS-Cavl-AMI14 structure. During single particle image pro-
cessing, DS-Cavl-AM14 particles were extracted from micro-
graphs and used for 2D classification, which revealed clear,
high-resolution secondary structural details of the DS-Cavl
trimer and three copies of the Fab AM14 (Figure 1b). The 3D

reconstruction of the DS-Cav1-AM14 complex was solved, ab-
initio, from a single dataset using cisTEM image processing
software, resulting in a global resolution of 3.4 A according to
the Fourier shell correlation (FSC) at 0.143 (Figure lc and
Supplementary Figure 1). Local resolution limits for the map
indicate a maximum resolution of ~5 A for the Fab AM14
constant regions as well as for the DS-Cav1 foldon domain, and
~4 A for DS-Cavl site @, which is consistent with the inter-
pretation from the X-ray structure that these regions are either
flexible or disordered (Supplementary Figure 1c). Resolution
for the paratope/epitope region is in the 3.5-4 A range, while
resolution in the core of DS-Cavl extends to 3 A.

To select the best model for refinement in the EM map, the
previously published 5.5 A X-ray structure (PDB 4ZYP), the
3.6 A X-ray structure from this study, as well as coordinates of
post fusion F (PDB 3RKI) were docked into the EM map using
Chimera.”' As expected, both pre-F structures fit the density
well, confirming that the elongated density of DS-Cavl deter-
mined by cryo-EM is due to the trimerization (foldon) domain
and not to a post-fusion conformation of F (Supplementary
Figure 2). While both coordinates of the DS-Cavl and the
AM14 variable regions derived from either the low resolution
or new X-ray structures docked well into the cryo-EM map
(cross-correlation = 0.36 for each), we used the high-resolution
X-ray structure solved in this study for further refinement in
Phenix*? and Coot** (Table 2).

Superpositions of the final refined cryo-EM structure onto
either the X-ray structure solved in this study or the previously
reported X-ray structure at low resolution (PDB 4ZYP)
resulted in RMSDs of ~0.6 A across 373 C, atoms, with near
perfect agreement for the AM14 heavy chain complementarity-
determining region (CDR) positions with respect to DS-Cavl
(Supplementary Figure 3). Slight deviations observed in light-
chain CDRs and the heavy- and light-chain Fab constant
regions between the structures could be attributed to the influ-
ence of crystal packing. Unique to the EM structure are den-
sities for glycans at all three Asn500 locations (only visible for
a single Asn500 in X-ray structure) and the foldon trimeriza-
tion domain of DS-Cavl (Figure 1c).

Overall, the high quality of both the cryo-EM and X-ray
densities obtained in this study are comparable, particularly in
the AM14 CDRs and the DS-Cavl epitope (Figure 3). This
provides confidence for interpreting the interactions discussed
hereafter, and for allowing us to discern subtle differences in
amino acid orientations between the bound and unbound
states for both AMI14 (PDB 4ZYK) and DS-Cavl (PDB
4AMMU).

High-resolution mapping of DS-Cav1-AM14 interactions

The improved resolutions provided by each structure allowed
for precise epitope mapping of the AM14 binding site, which
was performed using the Protein Interface and Surface
Accessibility (PISA) server.”* For simplicity, and due to the
near identical features revealed by our X-ray and cryo-EM
structures, our analyses refer to the X-ray structure unless
otherwise stated. AM14 uses a combination of heavy- and
light-chain CDRs to simultaneously contact portions of two
DS-Cavl protomers, consistent with previous reports.'® This is
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Figure 1. Structures of DS-Cav1 bound by Fab AM14. (a) X-ray crystal structure of DS-Cav1 bound by Fab AM14 from a front view and rotated 90 degrees toward the
plane of view. The primary DS-Cav1 protomer which is bound by AM14 is shown as cartoon and colored gold for the F2 domain and orange for the F1 domain.
The second protomer of DS-Cav1 which is contacted by AM14 is shown in surface and colored dark gray, while the third DS-Cav1 protomer is colored white. The Fab
AM14 is shown in surface with the heavy-chain colored dark blue and the light-chain colored cyan. (b) Top left image shows representative motion-corrected cryo-EM
micrograph of DS-Cav1-AM14 protein embedded in a thin layer of vitreous ice. Particles are highlighted in yellow circles, scale bar: 43.5 nm. Top right: 2D class averages
showing side (purple circle) and top (red circle) views, which are also showed zoomed in the circles below. (c) The 3.4 A cryo-EM map of the DS-Cav1-AM14 complex
with three DS-Cav1 protomers colored in light gray and three Fab AM14 molecules colored in blue.

in contrast to other structures of human antibodies bound to
PreF, which all recognize a single F protomer. Some nAbs, such
as RSB1 and D25, do make minor contacts with a second
F protomer; however, they bind with high affinity to

monomeric F, thereby distinguishing them from the unique
trimer specificity of AM14. Despite binding across two
F protomers, the location of the AM14 epitope is highly con-
served among RSV A and B strains (Supplementary Figure 4),
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Table 1. X-ray data collection and refinement statistics.

PDB 7MMN

Data Collection
Wavelength (A) X
Resolution range (A)

1
41.08-3.57 (3.70-3.57) *

Space group Q2
Cell dimensions
a, b, c(R) 223.4,183.0, 135.8
a, By 90, 103, 90
Total reflections 225376 (20224)
Unique reflections 62699 (2848)
Multiplicity 36 (3.3)
Completeness (%) 88.2 (45.1)
I/ol 8.3(1.7)
Wilson B-factor 49.78
R-merge 0.215 (0.892)
CCipp 0.96 (0.51)
Refinement
Resolution (A) 41.08-3.57
No. reflections 55716
Rwork/Rfree (%) 20/24
No. protein atoms 20370
No. of ligand residues
NAG 1
GOL 1
R.m.s. deviations:
Bond lengths &) 0.003
Bond angles (°) 0.65
Ramachandran plot”
Favored (%) 94.4
Allowed (%) 541
Outliers (%) 0.19
Average B-factor 50.73
Macromolecules 50.72
Ligands 60.72

R.m.s. deviation, root-mean square deviation.
*Values in parentheses are for the highest resolution shell.
*Measured using Molprobity

as also apparent by the similar neutralization potency toward
strains from either subtype (RSV subtype A: IC5o = 15.1 ng/mL;
RSV subtype B: IC5, = 11.0 ng/mL)."”

The AM14 epitope located on the DS-Cavl membrane-
proximal protomer (hereafter referred to as protomer 1)
encompasses 531 A® on F1 from residues Asn426 to Lys465,
while the membrane distal protomer (protomer 2) has a buried
surface of 297 A” from F1 residues Lys156 through Gly184.
(Figure 4a-d). A large portion of these contacts are mediated by
the 16-residue HCDR3, which buries a total surface of 397 A*
across the two protomers (273 A* on protomer 1 and 124 A* on
protomer 2), with residues Ilel01ycprs, Vall02ycprs, and
Aspl03ycprs binding a groove between the two protomers.
His31ycpr also recognizes a groove between the protomers,
burying 66 A® on protomer 1 and 123 A” on protomer 2
(Figure 4b). The majority of the light-chain buried surface on
DS-Cavl is attributed to LCDR1 and LCDR3 interactions with
protomer 1, whereas light-chain framework 2 (LF2) and LF3
each bury a single residue on protomer 2, and no contacts are
made with LCDR2.

DS-Cavl-AM14 interactions stemming from contacts
between the AM14 HCDR2, LCDR1, LF2, and LF3 portions
were not previously identified. Specifically, we found that pro-
tomer 1 residues Lys445 and Glu463 form hydrogen bonds
with Tyr53xcpro (Figure 4e), while Tyr32;cpr; traps DS-
Cavl residue Arg429 between the AM14 heavy and light chains
by forming a hydrogen bond with the Arg429 main chain

oxygen (Figure 4f). Additionally, for protomer 2, LF-
mediated contacts result from the side chains of His49;p, and
Thr56; r; that extend toward Ser180 and Lys166, respectively,
on DS-Cavl, thus both favorably positioned for electrostatic
interactions (Figure 4g). Notably, His49;p, is the result of
a somatic hypermutation (SHM), with an inferred germline
configuration of tyrosine (IMGT/V-QUEST).*® Histidine in
this position can maintain a polar interaction with Ser180
while also likely preventing a steric clash that may occur with
the larger germline tyrosine. Other AM14 inferred SHMs mak-
ing interactions with DS-Cavl are located on the heavy chain
and include Glu56ycpr, (mutated from serine), Ser28ycpri
(mutated from threonine), and the above-mentioned
His31ycpre (mutated from serine), which binds between the
two F protomers (Figure 4a). Together, these results provide
a greatly enhanced understanding of the antigen/antibody
interface, allowing clear mechanistic insights into the unique
nature of the prefusion trimer-specific antibody, AM14.

Molecular basis for monoclonal antibody-resistant
mutants

Four MARMs (L160S, N183K, N426D, and R429S) were pre-
viously generated in RSV F to validate the AM14 epitope.'’
These mutations interfere with key AMI14 interactions and
provide potential RSV escape mechanisms from AM14-like
antibodies. Given the improved resolution for side-chain inter-
actions, we examined these contacts to better understand these
critical antibody/antigen interactions and the role these resi-
dues play in PreF antigenicity.

Leul60 is located on the loop connecting helices a2 and a3
and recognizes a hydrophobic pocket formed by side chains of
AM14 residues Vall02ycprs>» Tyr32pcpri, and His31ycprs
(Figure 5a). Mutation of the hydrophobic leucine to a polar
serine would result in loss of van der Waal contacts (vdWs)
with each of these residues, thus explaining the observed loss in
binding. In the case of MARM Asn183Lys, which is located on
the loop connecting f3-P4, the asparagine side chain is facing
inwards toward the PreF core and with the aliphatic side chain
likely contributing to vdWs contacts with the side chain of
Vall02ycprs (Figure 5a). A lysine at this position may be
unable to bury in the core of PreF, resulting in solvent exposure
of the side chain and a steric clash with the AM14 heavy chain.
Alternatively, if the mutated lysine were able to bury in the core
of PreF, it may lead to a structural perturbation of the trimer
and alter the conformation necessary for binding by AM14.

Mutants Asn426Asp and Arg429Ser are each located on the
loop connecting p17- P18 and are found to be involved in
extensive H-bonding interactions with AM14 (Figure 5b). The
mutation Asn426Asp would lead to a loss of charge comple-
mentarity and likely loss of a salt bridge with Asp100ycprs.
Nearby, the Arg429 side chain was found to extend between the
AM14 heavy- and light-chain CDRs into a pocket surrounded
by four tyrosine residues (two each from the AM14 heavy and
light chains), revealing up to four hydrogen bond interactions as
well as multiple vdWs contacts (Figure 5b). This conformation
of the Arg429 side chain places the guanidinium moiety ~9 A
from the location in the lower resolution X-ray structure, for
which no density was present for discerning the proper
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Figure 2. (a) 2Fo-Fc electron densities (contoured at 10) are shown as mesh around one protomer of DS-Cav1 in complex with one AM14 Fab, as well as zoomed at the
heavy- and light-chain interface with DS-Cav1. (b) The DS-Cav1 trimer and one AM14 Fab are shown in cartoon tube and colored according to B-factors with red thick
tubes indicating high B-factors and thin blue or white tubes indicating average or low B-factors.

orientation (Supplementary Figure 5). Notably, when compared
to the unbound DS-Cavl X-ray structure (PDB 4MMU) for
which there is electron density present, the Arg429 side chain is
again found in a conformation that this time places the guani-
dinium moiety ~4 A from the location found in our AM14
bound structure, thus indicating plasticity and free rotation of
the Arg429 side chain. Additionally, there is an ~3 A shift for
the side chain of AM14 residue Tyrl06ycpr3 and rearrange-
ment of the LCDR3 backbone when compared to the AM14
unbound state (PDB 4ZYK), each of which prevents a steric
clash with Arg429 (Supplementary Figure 5c).

AM14 competes with antigenic sites IV and V

The quaternary epitope recognized by AM14 is located below
antigenic site @ (when F is viewed along a vertical axis passing
through site ©), and because the AM14 angle of approach is
nearly perpendicular to PreF, it does not compete with site @

directed mAbs such as D25. The AM14 epitope is sandwiched
between antigenic sites IV and V, and thus competition with
101F (site IV) as well as RSB1 (site V) has been reported.26 In
order to better understand the footprint of the AM14 epitope
as it relates to the epitopes for these surrounding mAbs, and
thus elucidate the molecular basis for AMI14 competition
across multiple antigenic sites, we superimposed our DS-
Cavl-AM14 structure with the RSB1 complex (PDB 6W52),
the D25 complex (PDB 4JHW), and the 101F-17-mer X-ray
structure (PDB 3045) (Figure 6).

The AM14 and 101F epitopes overlap significantly around
residues 427-432, which are located on sheet 17 and the loop
connecting B17 and P18, as also reported previously,”® which
thus explains the strong binding competition between these
antibodies. Interestingly, Argd29 assumes a different confor-
mation when bound by 101F, with the side-chain guanidinium
moiety shifted by ~4 A compared to the AM14 bound structure
(Supplementary Figure 5b). This orientation positions the
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Table 2. Cryo-EM data collection and refinement statistics.

EMDB: EMD-23933/PDB:
7MPG

Data collection

Microscope ThermoFisher Krios
Acceleration voltage [kV] 300
Detector Falcon Il
Physical pixel size [A] 1.07
Electron exposure [e /A%] 26.7
Total exposure [s] 60
Number of frames (per movie) 75
Movies acquired 1353
Image processing
Movies processed 1078

Pixel size for processing and reconstruction [A] 1.07
Box size [pixels?] 400

Number of particles picked 26,936
Number of particles 2D classification 25,280
Number of particles 3D classification 23,737

Symmetry (6]

Global resolution (FSC = 0.143) 34 A
Model building and refinement

Atoms 40463

Protein residues 2640

Ligand residues (NAG) 3

Bond lengths A 0.003

Bond angles (°) 0.63
Validation

MolProbity score 1.97

Clashscore 12.41
Ramachandran plot

Favored (%) 94.75

Allowed (%) 5.13

Outliers (%) 0.11

Arg429 side chain between two 101F HCDR3 tyrosine side
chains. Indeed, an Arg429Ser escape mutant has also been
described for 101F,”***° suggesting that flexibility of the
Arg429 side chain is a key attribute for binding to either
epitope.

Fab RSB1 recognizes portions of F2 on helix a1 with heavy
chain CDRs, and helices 0.2-3 on the F1 subunit with light-
chain CDRs. These latter contacts appear to be the cause for the
observed epitope competition, as both RSB1 and AM14 bury
~40% of the accessible surface area on opposite faces of a Glu
(residue 161) sidechain (Figure 6). It is plausible that a steric
clash between the AMI14 and RSBI1 variable fragments is
responsible for the observed competition.

Discussion

AM14 is a human mAD that recognizes a quaternary, prefusion
trimer-specific epitope on RSV PreF. Several clinical trials are
currently underway to evaluate the safety and efficacy of vacci-
nation with various PreFusion stabilized F antigens in preg-
nant, infant, and elderly populations.”® Due to its unique
binding characteristics, AMI14 is an attractive antibody for
use as a biochemical tool to ensure that PreF retains
a trimeric conformation during vaccine production. As such,
it is crucial to have a thorough structural understanding of the
AM14 mode of recognition, which was not fully possible from
the previously reported 5.5 A X-ray structure'® due to poor
definition of the antigen/antibody interface.

In this study, we used both X-ray crystallography and single
particle cryo-EM to further enhance our understanding of the

interactions that drive trimer specificity, as well as to gain new
insights into antigenic details related to MARMsS, and orienta-
tions of residues at the paratope/epitope interface. Stabilization
of the PreF form of the RSV F protein (DS-Cav1) has enabled
3D structure determination and the elucidation of epitopes for
antibodies targeting a plethora of antigenic sites.'””® The
recent emergence of single-particle cryo-EM has allowed the
solution of medium-to-high-resolution structures of antibody-
antigen complexes for viruses such as HIV,*?73¢ influenza,’”*°
and Dengue,41"43 as well as for an RSV PostF-FabR4.C6
complex,** and most recently vaccine-elicited antibodies
bound to DS-Cavl.*® Using single particle cryo-EM, we were
able to achieve an overall resolution of 3.4 A, which produced
a 3D reconstruction of comparable quality to a 3.6 A DS-Cavl-
AMI14 X-ray structure also reported here. This represents
another important case of the application of the rapidly evol-
ving cryo-EM technology for the high-resolution characteriza-
tion of vaccine antigen targets. In addition to resolutions
comparable with those routinely obtained by X-ray crystallo-
graphy, a key advantage of cryo-EM is the lack of dependency
from crystals and therefore the lack of the stabilizing effect of
the crystal environment. This can enable the elucidation of
variable resolutions, which in turn might provide insights
into the dynamics of a macromolecule. Here, we showed how
the local resolution of the DS-Cavl-FabAM14 cryo-EM struc-
ture correlates well with the B-factors distribution observed
from the x-ray crystal structure of the same complex and at
a comparable overall resolution, thus indicating the presence of
similar regions of flexibility or local disorder.

While the overall binding orientation of AM14 to DS-Cavl
observed from the structures solved in this study is consistent
with the previously reported structure,'” the improved resolu-
tions allowed the unambiguous identification of specific side-
chain interactions in the AM14 CDRs as well as framework
regions, and therefore a better understanding for the antigeni-
city of this unique epitope. Importantly, visible electron den-
sities for amino acid side chains on DS-Cavl revealed the
correct orientation for Arg429, which we found extends
between the AM14 heavy- and light-chain CDRs and makes
multiple hydrogen bonds, thus explaining the loss of binding
for MARM, Arg429Ser. Interactions for additional MARMs
(Leul60Ser, Asn183Lys, and Arg429Ser) were also rationalized
or confirmed based on our improved structures.

Our study highlights the reorientation of Arg429 when PreF
is bound by either AM14 or 101F. This side-chain flexibility is
comparable to that seen when RSV PreF is bound by antibodies
RSB1 or CR9501, which each recognizes antigenic site V.*° In
the case of these antibodies, the Lys65 side chain on PreF can
assume different conformations in order to be positioned at the
interface of the heavy- and light-chain CDRs for either anti-
body, while Lys87, Glu66, and Asn63 are also significantly
displaced in the antibody-bound states. Additionally, CR9501
appears to “splay open” the PreF trimer, suggesting an
“induced fit” mechanism for antibody binding. In our current
structure, the reorientation of Arg429 may be the result of
“conformational selection,”*® rather than induced fit, whereby
the Arg429 side chain naturally samples several conformations
before being stabilized by either the AM14 or 101F bound
states; however, more work is needed to fully clarify the
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Figure 3. Electron densities are highly comparable in X-ray and cryo-EM structures. (a) Representative cryo-EM densities for regions of DS-Cav1 (left, orange
cartoon and sticks), AM14 (center, dark blue cartoon, and sticks), and the N-linked glycan on DS-Cav1 Asn500 (right, sand cartoon, and sticks). Maps are contoured at 60.
(b) Representative 2Fo-Fc x-ray electron densities for the same regions shown in a), contoured at 10. For simplicity, HCDR3 residues are numbered according to the X-ray

structure.

mechanism behind the Arg429 flexibility. Nonetheless, the
intrinsic flexibility of amino acid residues on the surface of
PreF is likely a contributing factor for the antigenicity for each
of these antigenic sites.

AM14’s ability to neutralize RSV A and B strains with
similar potency is due to the high conservation of the AM14
epitope, and though AM14 requires PreF to be in a trimeric
state for binding, the neutralization potency is comparable to
antibodies such as D25, RSB1, and CR9501, which are also
PreF specific but can bind monomeric PreF. Thus, locking F in
the PreF state seems to be a more important attribute for
neutralization than the oligomeric state recognized by the anti-
body. A large portion of the human neutralizing antibody
response to RSV infections has been shown to be directed
toward antigenic sites @, IV, and V, while antibodies targeting
the trimer-specific AM14 epitope are less frequent.'® Our

analysis explains the binding competition that AMI14 has
with site V (RSB1) and site IV (101F), with the latter epitope
also being present on PostF. This may explain the low preva-
lence of AM14-like antibodies in human sera, as they are likely
outcompeted not only by the immunodominant PreF epitopes
but also by other neutralizing and non-neutralizing epitopes
present on PostF.

Although no other human PreF trimer-specific mAbs have
been isolated, a prefusion, trimer-specific epitope has recently
been described for the llama-derived single-domain antibodies
(VHHs) F-VHH-4 and F-VHH-L66.*” The epitope lies adja-
cent to that of AM14 and encompasses antigenic site II of one
F protomer and antigenic site IV of the neighboring
F protomer. This may suggest that additional trimer-specific
epitopes are also recognizable by the human antibody reper-
toire, but have yet to be discovered. As PreF-based vaccines
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continue to progress in clinical trials, it will be interesting to see
how immunogenicity of the AM14 quaternary epitope contri-
butes to vaccine-elicited antibody responses that no longer
present PostF epitopes, and whether additional trimer-
specific epitopes, such as those bound by the llama VHHs,
will be unveiled. For this, recent advances in polyclonal epitope
mapping methods, which allow to structurally characterize
human antibody responses, might play a critical role.** >

In summary, we report improved resolution structures of
RSV prefusion F in its engineered stabilized version, known as
DS-Cavl, in complex with Fab AM14, enabling comprehensive
interpretation of important antibody-antigen interactions that
were previously unappreciated at the available lower resolu-
tion. These structures serve as useful tools in understanding the
molecular basis for trimer specificity, as well as in guiding the
engineering of novel trimer-specific molecular probes or ther-
apeutics to treat RSV infections.

Materials and methods
Expression and purification of DS-Cav1 and Fab AM14

Un-tagged DS-Cavl was produced in Chinese hamster ovary
cells and purified by ion exchange and size exclusion chroma-
tography, as previously reported.”® Fab AM14 was expressed
with a Strep Tag II at the heavy-chain C terminus and purified
using a StrepTrap HP column (GE Healthcare). The tag was
proteolytically cleaved using TEV protease (AcTEV protease,
Thermo Fisher Scientific) prior to size exclusion
chromatography.

Crystallization of DS-Cav1-Fab AM14 Complex

Purified DS-Cavl was mixed at a 1:3.5 molar excess with Fab
AM14 and stored at 4[] overnight to ensure full complex
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formation (3 Fabs per DS-Cavl trimer). DS-Cavl-FabAM14
complex were separated from excess Fab by size exclusion
chromatography on a superdex 200 10/300 GL column with
buffer 10 mM Hepes pH 7.5, 150 mM NaCl, and 5% glycerol.
The fractions for the peak corresponding to DS-Cavl-
FabAM14 complex were pooled and concentrated to 6 mg/

mL for crystal screening via sitting drop vapor diffusion ata 1:1
ratio of protein to screening buffer. Plates were incubated at
room temperature in a Formulatrix Rock Imager 1000 and
monitored/imaged for up to one month. DS-Cavl-FabAM14
crystals were identified in buffer containing 0.2 M NaCl, 0.1 M
MES pH 6.0, 20% w/v PEG 2000 MME. Crystals were cryo-



€1955812-10 W. HARSHBARGER ET AL.

a D25
Site

Protomer 1

: U ~
Kp =0.11 nM*

Kp =0.005 nM*

Kp =0.15 nM*

Kp = 3.6 nM*
427- KNRGII - 432

Figure 6. AM14 competes with antigenic sites IV and V but not site 0. (a) X-ray structures for site V antibody RSB1 (PDB 6W52, pink surface), site IV antibody 101F
(PDB 3045, violet surface), and site 8 antibody D25 (PDB 4JHW, green surface) were superimposed onto the DS-Cav1-AM14 complex solved in this study (dark and light
blue surfaces for AM14 heavy and light chains, respectively. For simplicity, only a single Fab for each antibody is shown bound to trimeric DS-Cav1, which is colored by
protomer as in previous figures. (b) Surface representation of DS-Cav1 is colored white with the AM14 epitope colored dark blue and/or outlined with a dotted yellow
line, the D25 epitope colored green, the 101F epitope colored purple, and the RSB1 epitope colored pink. Glycans are shown as sticks and were modeled using the

Glyprot server.”**Harshbarger et. al.,, 2020 .*® *McLellan et. al., 2010”

protected in well solution supplemented with 10-20% ethylene
glycol, flash-frozen and shipped to the Advanced Photon
Source at Argonne National Labs for data collection.

Crystal structure determination, model building, and
refinement

DS-Cavl-FabAMI14 crystals diffracted to a maximum resolu-
tion of 3.6 A. Diffraction data were collected, indexed, and
scaled into space group C2 using HKL2000,>®> and Phaser™
was used for molecular replacement with PDB 4MMU as the
search model for DS-Cavl and PDB 4ZYK as the search model
for AM14. A single trimer of DS-Cavl was found in the asym-
metric unit bound by three AM14 Fabs. Iterative rounds of
reciprocal space and real space refinement were carried out in
Phenix*? and Coot.” The final structure yielded Ryork and Reee
values of 0.20 and 0.24, respectively (Table 1). Final coordi-
nates were deposited in the Protein Data Bank with accession
code 7MMN.

Cryo-EM specimen preparation

Quantifoil Cu 300 mesh grids (Agar Scientific) were glow
discharged (Pelco easiGlow) for 45 s at 25 mA. 3 ul of DS-
Cavl-FabAM14 sample at a concentration of ~0.5 mg/ml was
applied to the grid and immediately plunged into liquid ethane
using an FEI Vitrobot Mark IV (FEI ThermoFisher) after
blotting for 2.5 s, blot force at 2, at 4°C and ~100% relative
humidity.

Cryo-EM data collection and image processing

Cryo-EM data were collected in movie mode on a FEI Titan
Krios electron microscope operating at 300 kV and equipped
with a Falcon III direct detector (Nanosciences Center,
Cambridge University, UK) with a pixel size of 1.07 A per
super-resolution pixel. Each movie consisted of 75 frames
collected over 60 s with an exposure per frame of 0.51 e/
A? giving a total exposure of 26.7 e /A.” The applied defocus
ranged between ~1.4 and 3.4 um underfocus. A total number



of 1353 movie stacks with 75 frames were collected (Table 2).
Image processing was performed in cisTEM.>® The frames of
each movie were aligned, dose-weighted, and summed into
a single image, image defocus was determined using
CTFFIND4*” and images with excessive motion, low contrast,
ice contamination, or poor power spectra were removed after
visual inspection. 25,280 particles were automatically selected
from aligned micrographs using a soft-edge disk template
picking tool, and subsequently used for 2D classification.
A total of 23,737 particles that produced usable 2D classes
were then combined and subjected to ab-initio 3D recon-
struction, which was then used for refinement resulting in
a final map at 3.4 A resolution, as determined by FSC with
a 0.143 cutoff criterion.”® Blocres™ was used to calculate and
plot local resolutions, UCSF Chimera®' was used for visuali-
zation, to invert handedness and generate segment and slab
clip density.

Cryo-EM model building, refinement, and analysis

The best-refined crystal structure of Ds-Cav1-AM14 was rigid-
body fit into the 3.4 A resolution cryo-EM map in UCSF
Chimera.”' Further iterative refinement cycles between the
phenix.real_space_refine command in PHENIX® with second-
ary structure restraints and manual adjustments in COOT*
yielded the final model. The quality of the refinement was
assessed by the PHENIX cryo-EM validation tool.°°* All the
refinement statistics are summarized in Table 2. Figures were
generated using ChimeraX®’ and PyMOL (Schrodinger, LLC).
EM density map and structure model are accessible through
EMD-23933 and PDB 7MPG.**
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