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Engineering immunogens that select for
specific mutations in HIV broadly
neutralizing antibodies
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Vaccine development targeting rapidly evolving pathogens such as HIV-1
requires induction of broadly neutralizing antibodies (bnAbs) with conserved
paratopes and mutations, and in some cases, the same Ig-heavy chains. The
current trial-and-error search for immunogen modifications that improve
selection for specific bnAbmutations is imprecise. Here, to precisely engineer
bnAb boosting immunogens, we use molecular dynamics simulations to
examine encounter states that form when antibodies collide with the HIV-1
Envelope (Env). By mapping how bnAbs use encounter states to find their
bound states, we identify Env mutations predicted to select for specific anti-
body mutations in two HIV-1 bnAb B cell lineages. The Env mutations encode
antibody affinity gains and select for desired antibodymutations in vivo. These
results demonstrate proof-of-concept that Env immunogens can be designed
to directly select for specific antibody mutations at residue-level precision by
vaccination, thus demonstrating the feasibility of sequential bnAb-inducing
HIV-1 vaccine design.

The discovery of effective strategies for rapid design of immuno-
gens to induce HIV-1 broadly neutralizing antibodies (bnAbs) is
critical to vaccine design for HIV-1 and for other highly variable
viruses1,2. A wealth of structural and B cell clonal lineage informa-
tion has demonstrated that bnAb properties make them especially
difficult to induce through vaccination. These include the presence
of highly improbable functional amino acid mutations3,
autoreactivity4, and rare bnAb B cell precursors1. Mutation-guided B

cell lineage immunogen design is a strategy to overcome immu-
nogen subdominance of bnAb B cell precursors by sequential
immunogen designs aimed at selection of B cells with B cell
receptors (BCRs) containing functional yet rare somatic
mutations5. In bnAb unmutated common ancestor (UCA) knock-in
mouse models that guarantee the presence of bnAb precursors6,7,
induction of bnAb breadth and potency has nonetheless proved
challenging8.
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Antibodies mature by acquiring affinity-enhancing amino acid
substitutions by somatic hypermutation9,10. By cycling through antigen
recognition and somatic hypermutation, BCRs evolve to develop
enhanced affinity10. While a repertoire of low to high-affinity BCRs to
target antigens survive during these cycles, higher affinity correlates
with enhanced survival9,11. For HIV-1 vaccine development, the goal is
to design bnAb-inducing immunogens such that the affinity for the
bnAb or its intermediate forms is greater than the affinity for the bnAb
precursor2,12. Such an affinity gradient could, in principle, enhance the
survival of B cells bearing desired HIV-1 bnAb mutations. Many well-
defined bnAb clonal lineages targeting conserved Env epitopes exist
providing the data sets needed for this approach.

For some HIV-1 bnAb lineages such as those targeting the envel-
ope (Env) V3-glycan bnAb site, variability in heavy and light chain gene
usage presents a hurdle for consistent vaccine induction of hetero-
logous neutralizing responses13,14. Though similarities among V3-
glycan bnAbs exist, the heterogeneous nature of individual antibody
contacts and their variable bound state orientations complicate vac-
cine immunogen development. Multiple bnAbs targeting the N332-
glycan supersite have been identified from infected HIV-1 individuals
including DH27015, PGT12816, PGT13514, PGT12117, and BG1818, which
utilize distinct pairings of variable heavy (VH) and variable light (VL)
gene segments14,15,19. Moreover, V3-glycan bnAbs require long third
heavy chain complementary determining region (HCDR3) regions to
bind to Env necessitating the utilization of rare bnAbB cell precursors1.
Thus, design of immunogens that can inducemany types of V3-glycan
bnAb B cell lineages will be necessary to induce a sufficient number of
V3-glycan bnAb precursors to result in a robust bnAb response to that
epitope.

In contrast with the varied germline gene usage by the V3-
glycan bnAbs, the CH235 CD4-mimicking CD4 binding site (CD4bs)
VH1-46-utilizing class of bnAbs exclusively uses the VH1-46 gene
and has a conserved mode of Env binding that is similar to that of
CD420. Many high-resolution crystal structures of these antibodies
alone and in complex with Env gp120 cores and medium-resolution
cryo-EM structures of their bound state complexes with stabilized,
soluble Env ectodomain trimers, have been obtained for attempts at
structure-based design8,14–17,21–25. Designs aimed at eliciting bnAb
responses based on these structures have yet to elicit mature bnAb
responses with neutralization potency and breadth8,13,14. Thus, what
is lacking is a directed immunogen design process capable of sys-
tematically selecting for specific HIV-1 bnAb BCR mutations in a B
cell lineage.

Here, we usemolecular dynamics (MD) simulation combinedwith
Markov statemodeling (MSM) toprobe the encounter states thatmake
up the association process in atomic detail and with high temporal
resolution. We examine the association pathways for the mature
DH270 V3-glycan and CH235 CD4bs VH1-46-class of bnAbs. Each bnAb
mutation can contribute to both association and dissociation
depending on its role in reaching and leaving the bound state. We
reasoned that knowledge of bnAb association and dissociation
mechanisms would enable us to modify our designs to amplify the
effects key antibodymutations have onbnAb lineage antibody affinity.
Our results show that the antibodies reach the bound state from col-
lisions across a large area of the Env near the target epitope. Epitope
recognition is accomplished primarily through rotations about the Env
surface to bring the paratope into position and is facilitated by specific
contacts between Env and antibody. We combined this information
with bnAb-Env cryo-EM structures to clarify dissociation mechanisms
in the context of the defined association mechanisms and to identify
immunogen modifications that enhance affinity for specific antibody
mutations. These designs enhance the selection of targeted antibody
mutations in vivo. Thus, these data demonstrate a process whereby
detailed knowledge of each antibody residue’s role in facilitating
encounters with the immunogen leading to a stable interaction can

enable precise Env designs capable of selecting specific antibody
mutations in human B cell lineages.

Results
Molecular dynamics simulation locates a V3-glycan bnAb
antibody-antigen bound pose
The DH270 V3-glycan antibody lineage is a promising target due to its
relatively limited somatic mutation compared to other HIV bnAbs and
the detailed knowledge of Env sequence diversity available from
longitudinal viral sequencing of the HIV-1-infected person as the line-
age developed15. An autologous Env selected for a critical, improbable
DH270 clonal lineage intermediate G57R mutation that confers het-
erologous neutralization in a DH270 UCA knockin mouse model. This
was accomplished via the elimination of two potential N-linked gly-
cosylation sites (PNGS) in the V1 loop that, when glycosylated, steri-
cally hindered DH270 antibody access to the epitope8. Of the 42
mutations observed in the DH270.6 bnAb relative to the DH270 UCA,
twelve of these mutations were found to confer 90% of the mature
DH270.6 antibody’s neutralization breadth26. To track the role that
these key mutations play in the association process, we employed a
MD-based search for collision-induced encounter states (Fig. 1A).

The V3-glycan targeting DH270.6 bnAb interacts with the CH848
HIV-1 viral variant Env ectodomain through interaction with the V3
GDI(K/R)motif and an adjacent N-linked glycan at positionN332. Since
the antibody-Env interaction does not involve quaternary trimer
interactions, we first asked whether the simulation of a single trun-
cated Env gp120 (gp120T) extracted from a prefusion closed-state tri-
mer structure would present a stable V3-glycan epitope (Fig. 1B). We
used an Env sequence isolated from the CH848-infected individual at
949 days post-infection (CH848.d949.10.1715; referred to here as
CH848-d949)8. Five hundred independent, 1.1-microsecond simula-
tions of a Man9 glycosylated gp120T revealed minimal (average alpha-
carbon root-mean-square deviation [RMSD] 2.22 Å) overall structural
differences from the closed-state Env conformation (Supplementary
Fig. 1). The most prominent changes occurred at the interprotomer
contact loops and variable loops V1, V2, V4, and V5. As the variable
loops are flexible, and the interprotomer contact regions are distal
from theDH270.6 epitope, we concluded that this flexibility would not
significantly affect relevant encounter state formation. Free gp120s
typically present open-state conformations of the V1/V2 and V3 ele-
ments where the bridging sheet has formed, resulting in an RMSD
greater than6 Å relative to the closed state. The results indicated that a
free gp120 in the closed state will not transition to this open-state
conformation over the simulation timescales. Therefore, these data
demonstrated that the gp120T V3-glycan epitopewould bemaintained
in simulations involving binding to an antibody VH/VL.

Next, we prepared a system consisting of gp120T and the variable
heavy and light chains, VH/VL, of DH270.6. A molecular simulation-
based analysis of protein-protein interactions suggested that
encounter states with both partners oriented near the native bound
conformation were most relevant for association27. Thus, we placed
the antibody near the epitope with the HCDR3 positioned toward the
N332 residue (Fig. 1B). To diversify the VH/VL-gp120T conformations,
we launched four hundred independent 250 nanoseconds (ns) simu-
lations from this state. This yielded awide variety of VH/VL orientations
relative to the Env epitope (Supplementary Fig. 2A). Four antibody
residues form the N332-glycan interaction interface: heavy chain resi-
dues D115 and light chain residues Y48, Y51, and S58 (Supplementary
Fig. 2B). Of the four hundred simulations, ~100 did not form any of
these interactions, while ~50 simulations formed all four contacts. This
assortment of interactions suggested that this set of conformations
contained sufficient contact and orientation variability to initiate an
MD-based search for relevant encounter states and the bound pose.

Here, we used a simulation technique referred to as adaptive
sampling28 to explore encounter states and the pathways that lead to
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the bound state. The adaptive sampling technique used the final states
from the 400, 250ns simulation set to launch the first of an iterative
series of short, 250ns simulation sets, each iteration involving 400
independent simulations, to search for important encounter states and
the transitions that make up the association pathway. New iterations
were initiated frompotential transition states identified in theprevious

simulations to increase the rate of finding new encounter states, the
states that connect them, and the bound state. Here, we conducted
seventeen adaptive iterations, including 1000 simulations launched
from fully uncoupled states in multiple antibody VH/VL orientations
relative to the gp120T (Supplementary Fig. 3), yielding nearly 2ms of
simulation time.

Fig. 1 |Molecular dynamics simulationofDH270.6 associationwith a truncated
CH848HIV-1 Env gp120. A Schematic representation of an antibody Fv and gp120
antigen associating through an intermediate encounter ensemble. Transition rates
k1 and k-1 represent the ensemble rate of forming a collision-induced encounter
state and dissociating to the unbound conformation, respectively, while k2
describes the conversion rate from an encounter intermediate to the bound
complex. B (left) An HIV-1 Env trimer ectodomain structure. The protomer on the
left highlights gp120 (blue) allosteric elements V1/V2 (green), V3 (red), β20- β21
(yellow), as well as gp41 (orange). The protomer to the right highlights the gp120
region that is extracted (gp120T) from the prefusion closed state structure (orange)
and gp41 (purple). The thirdprotomer of the trimer is represented in a gray surface.

(middle) The Man9 glycosylated gp120T highlights the position of the N332-glycan
(green surface). (right) The Man9 glycosylated gp120T with the DH270.6 antibody
Fv positioned near the N332-glycan. C RMSD trajectories (light blue) of three
representative transitions from encounter states to the bound state. Distances
between DH270.6 heavy chain R57 and gp120 D325 (black) show close interactions
(<3.0 Å, red line) before reaching the bound state. D Representative encounter to
bound transition showing rotation of the DH270.6 Fv (fade from red to white to
blue) around the N332-glycan (purple/red spheres). E Frames from the repre-
sentative simulations in an R57 to D325 interactive encounter transition (top) and
the final, non-interactive R57 to D325 bound state. Source data are provided as a
Source Data file.
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Forty-six of these simulations transitioned from encounter states
to the bound state. This occurred through rotation of the antibody
around the bound N332-glycan, allowing the antibody to form inter-
actions with the GDIKmotif (Fig. 1E, F, SupplementaryMovies 1 and 2).
Electrostatic interactions between antibody heavy chain R57 and
gp120T D325 often preceded bound state formation, suggesting this
interaction aided in directing the rotation (Fig. 1E). Of note, D325 was
identified as a significant neutralization sensitivity signature, and the
mutationsN325orK325 are significant resistance signatures forDH270
lineage bnAbs, 10-1074, PGT121, and PGT12829, consistent with D325
mutations conferring in vivo escape to PGT12130 or 10-107431. These
neutralization signatures support our MD findings and suggest that
DH270 interactions with D325, particularly with VH R57 in the binding
transition, may be relevant to other V3 glycan bnAbs. These data
demonstrated thatMD simulation can locate encounter states and the
correct bound conformations for these intricate interactions, starting
from an unbound bnAb state.

DH270.6 bnAb association pathways identify vaccine design
targets
The completed simulation set provided detailed structural informa-
tion for different encounter states and their exchange with nearby
states, leading to the known bnAb bound state conformation. AnMSM
of the association process prepared using the simulated set described
this process as time-dependent, memoryless probabilistic jumps
between states. States were defined kinetically based on time-
dependent changes in distances between known binding site residue
contacts using a time-lagged independent component analysis (TICA)
transformationmethod. This transformation identified slowly relaxing
degrees of freedom in the system, which could then be clustered for
encounter state assignments. These encounter state assignments and
their connectivity to other states could then be used to construct a
Markov model. Thus, the antibody association pathways could be
defined by the relative exchange between states and each state’s
probability ofmoving toward the bound state, defined by the so-called
committor distribution, which determines forward transition prob-
abilities based on the MSM32 (Fig. 2A, Supplementary Figs. 4–6). The
association pathway provided a map of transitions that can be used to
identify target sites for modification of the association process and,
therefore, the association rate, ka.

Our immunogen design targets were defined by functional
improbable mutations in each inferred intermediate antibody along
the DH270.6 maturation pathway that are critical for achieving neu-
tralization breadth (Fig. 2B)3. Our previous efforts identified a design
capable of selecting key mutations in the first intermediate, I58. Spe-
cifically, we found that eliminating N-linked glycan sites at positions
N133D and N138T in the CH848-d949 V1 loop (DT) enhanced
DH270.UCA affinity and enhanced selection of a key heavy chain
mutation, G57R, in DH270.UCA knockin mice8. We, therefore, focused
here on two key mutations in the DH270 B cell lineage intermediate
antibody, I3: heavy chain R98T and light chain L48Y (Fig. 2B).

The association path for the V3-glycanbnAb, DH270.6, proceeded
through three encounter states, Encounter States 1 through 3, that
reached the bound state predominantly through a pre-bound state,
state 4 (Fig. 2A). Encounter State 1 involved coupling of the light chain
to the gp120T outer domain, adjacent to the V4 loop (Fig. 2C left,
Supplementary Fig. 7A, SupplementaryMovie 2).With theHCDR3 loop
oriented toward the N332-glycan, this state acted to present the VH

D115/VL Y48 N332-glycan binding groove to the glycan (Fig. 2C, Sup-
plementary Fig. 7A). Next, encounter states 2 and 3 resulted from
coupling the N332-glycan to the antibody with various degrees of
rotation about the glycan base (Supplementary Fig. 7, Supplementary
Movie 2). These states accessed the bound conformation through a
flexible pre-bound state, Encounter State 4 (Fig. 2A, Supplementary
Fig. 7). In the MSM, access to the bound state depended on the

coupling of the N301-glycan with the light chain andmovement of the
V1 loop that we previously defined using cryo-EM structure determi-
nation (Fig. 2A, Supplementary Fig. 7B, C)8. These results showed that a
series of encounter states that range from being distant to the target
epitope to those that are closer to it enables access to the previously
observed DH270.6 bound conformation8,33.

We next designed Envs with faster DH270 lineage antibody asso-
ciation rates based on this pathway. A dominant pathway feature was
the importance of early coupling of the N332-glycan D1 arm to the VH

D115/VL Y48 groove (Fig. 2C left, Encounter State 1). The heavy chain
R98T mutation eliminated a salt bridge with D115, allowing D115 to
form closer interactions with the N332-glycan, and L48Y added addi-
tional hydrogen bonding contacts25. We hypothesized that enhancing
access to this state would increase the antibody association rate spe-
cifically through interactions with these two residues and would thus
yield a strong positive association rate gradient. This would be
accomplished by improving access of the VHD115/VL Y48 groove to the
N332-glycan and by increasing the probability that the encounter state
will reach the pre-bound state. Encounter State 1 stood out as a useful
target due to its presentation of this groove to the N332-glycan. The
N332-glycan acted as a tether for the antibody in theMSM,allowing the
antibody to rotate into the bound state. Increasing the likelihood of
N332-glycan capture early in the encounter process should, therefore,
enhance the association rate.

Access to Encounter State 1 was hindered by an Env glycan at
position N408 (Fig. 2C). We thus eliminated the N-linked glycosylation
site via an N408Kmutation in addition to improving Encounter State 1
heavy chain contacts via Env mutations T290K and E293T, here
referred to as the DH270 Encounter design 1 (DE1). We measured
binding of DE1 to the VH R98T/VL L48Y containing I3.6 intermediate
and other clonal lineage antibodies using surface plasmon resonance
(SPR; Supplementary Figs. 8–10, SupplementaryData 1).We found that
the N408K mutation resulted in a doubling of the antibody-Env asso-
ciation rate, consistent with the predicted association pathway
(Fig. 2D, Supplementary Fig. 8, Supplementary Data 1). Our MD simu-
lation results showed that Encounter State 1 transitioned with the
highest probability to the pre-bound state, Encounter State 4, through
rotation about the N332-glycan, which occurred by visiting Encounter
State 2. This transition was hindered by the close coupling of an Env
glycan at position N442 to the antibody light chain (Fig. 2C middle).
The N442-glycan interaction with the light chain mirrored that of the
N301-glycan in the bound conformation but limited interactions of the
antibody with the conserved GDIK motif in the V3 loop of the Env
(Supplementary Fig. 7D). Thus, eliminating the N442-glycan was pre-
dicted to increase the probability that the N332-glycan rotation states,
Encounter States 2 and 3, would convert to the pre-bound state.
MutationofN442 to alanine, referred tohere asDE2, indeed resulted in
a 5-fold improvement in the association rate of I3.6 (Fig. 2D). The effect
of N442-glycan removal was consistent with data showing that the
presence of the N442-glycan correlated with early intermediate neu-
tralization resistance and that the acquisition of I3.6 intermediate
mutations reduced this resistance (Supplementary Fig. 11). Addition-
ally, mammalian display-based selection for higher affinity Envs also
identified an N442-glycosylation site eliminating mutation, N442D
(Supplementary Fig. 12). These results show that physical observations
in the MSM describe phenomena that significantly impact autologous
and heterologous virus neutralization and can direct design as effec-
tively as mammalian display based affinity enhancement.

We next asked whether the MSM faithfully represented the tran-
sitions between encounter states. Two mutations are coupled in their
effect on bindingwhen the sumof the individual, single-mutant effects
differs from the double-mutant effects relative to the unmutated
construct. These double-mutant cycles34 provide a powerful tool for
probing transition intermediate states such as encounter states. The
association pathway between the V4 proximal Encounter State 1 must
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transition through the N442-glycan hindered Encounter State 2 path-
way to reach the bound state. Thus, theMSM indicated the N408K and
N442Amutation effects on the association rate should be coupled. The
sumof association rate improvements for theDE1 andDE2designswas

~7-fold. However, when introduced together, the association rate
improved by ~13-fold, nearly double that of the individual mutations. A
double mutant cycle calculation based on transition state theory35 for
these two mutations yielded a ΔΔG of −2.7 kcal/mol, indicating the

Fig. 2 | The association pathway for the DH270.6 Fv identifies design targets.
A Association pathway for DH270.6 determined from an MSM prepared from the
simulated set. Important regions of the gp120T (blue) include the V1 loop (purple),
the V4 loop (light orange), the GDIK motif (gray), and the antibody HCDR3 (bright
green). A single gp120 state is used throughout, with 50 representative samples of
the antibody shown for each state (ensemble of line structures). Arrows show
transition paths with sizes adjusted to indicate each transition’s relative flux.
Structures are positioned based on the probability that each state will move for-
ward to the bound state. Transitions targeted for design are highlighted (pink).
B Graphical representation of lineage-based design depicting a simplified phylo-
genetic tree leading from the inferred UCA and intermediates to the mature
DH270.6 bnAb. Design targets D1-D4, each targeting low probability mutations
(red), with the I3.6 targeting D2 identified as the primary focus for design. The I3.6
intermediate contains two key improbable mutations, the VH R98T and VL L48Y.
C (left) Representative state from State 1 highlighting the position of the N408-

glycan and the contacts between the design target D2mutation sites VH T98 and VL

Y48. (middle) Representative state from State 3 highlighting the position of the
N442-glycan relative to the N301-glycan and its bound state interactive Y27 residue
sidechain. (right) The bound state conformation. D (left) Association rates deter-
mined by SPR for the parent CH848 Env SOSIP ectodomain and each design (right)
Association kinetics for a CH848 parent and design in which two glycans in the V1
loop have been eliminated via mutation (referred to as DT). Arrows and values
indicate the fold change in ka between the parent and combined mutations. Three
replicatemeasures are shownwith themean and error bars indicating the standard
deviation. E (lower left) Simplified graphical representation of encounter transition
in theDH270.6 interactionwith gp120T. (upper right) Shapes placed in their relative
positions on the gp120T (orange)map encounter states to the structure. Encounter
state 1 maps to the cyan V4 block while Encounter state 2 and 3 map to the orange
and yellow. Source data are provided as a Source Data file.
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mutations were indeed coupled, thus confirming theMSM association
transition pathway (Fig. 2D).

We next asked what effect the V1-glycan deleted DT design
mutations had on the association pathway. The CH848-d949 DT
design showed a ~3-fold enhanced association rate compared to the
unmutated CH848-d949 SOSIP Env with a ~2.5-fold improved dis-
sociation rate for the I3.6 intermediate (Supplementary Fig. 9, Sup-
plementary Data 1). The enhanced association rate suggested that the
elimination of the V1 glycans opened new encounter state transitions.
We hypothesized that, if the elimination of the V1-glycans in the DT
design opened a new, alternative association path, the effect of theDE1
and DE2 mutations would be reduced and these mutations would not
show coupling. We, therefore, introduced the DE1 and DE2 mutations,
independently and together in the DT design, referred to as DT-DE1-3,
respectively, and measured their association rates. The association
rate improvements for the I3.6 intermediate were reduced compared
to the non-DT design. The DT-DE1 and DT-DE2 constructs showed ~1.5
and 2.5-fold greater association rate, respectively, to I3.6 than the
association rate for the DT construct. As predicted, these mutations
showed little coupling when combined in the DT-DE3 design, with a
transition state ΔΔG of −0.4 kcal/mol (Fig. 2D, Supplementary Data 1).
This loss in coupling confirmed that the elimination of the V1 glycans in
CH848-d949 opened a new association pathway and showed that the
DH270 lineage acquired the ability to recognize the HIV-1 Env through
multiple encounter sites beginning at the I3.6 intermediate (Fig. 2E).

Key DH270 clonal lineage mutations selected in vivo by asso-
ciation pathway Env designs
BCR triggering strength is linearly correlated with association rates36.
Enhancing the association rate in immunogen design, therefore, might
improve the selection of target bnAb residues. We next asked whether
theCH848-d949N408K/N442Adesignwould yield suchan association
gradient by showing stronger binding to the I3.6 intermediate where
the VH R98T/VL L48Y mutations occur, relative to the earlier I5.6
intermediate. We measured the affinity and kinetics of binding of the
designed immunogen to the DH270 UCA, as well as to DH270 inter-
mediates I5.6 through I2 and the mature DH270.6 antibody. We com-
pared the binding kinetics of the CH848-d949 N408K/N442A
containing DE3 design to those of the unmutated CH848-d949 (Sup-
plementary Figs. 8–10, Supplementary Data 1). TheDE3design showed
a four-fold greater association rate for the I3.6 intermediate compared
to the earlier I5.6 intermediate (Fig. 3A). The unmutated CH848-d949
trimer showed a twelve-fold association rate gradient between I5.6 and
I3.6 intermediate antibodies, but substantially lower association rates
than the DE3 design, at forty-five and thirteen-fold greater rates for the
DE3 design, respectively (Fig. 3A, B, Supplementary Fig. 8). Thus, the
DE3 design showed amore favorable affinity gradient for the selection
of I3.6 mutations than the unmutated CH848-d949 trimer.

We thenmeasured antigen-induced B cell calcium flux for each Env
construct in a Ramos B cell line transfected with an IgM DH270 bnAb
lineage UCA antibody compared to the calcium flux induced by binding
of an anti-IgMFab2 antibody. Though the affinity for theDE1 +DTdesign
was slightly lower for DH270.UCA compared to the DT design, at 607
and 474 nanomolar, respectively, DE1 +DT showed a ~5-fold enhanced
maximum calcium flux over the DT (Fig. 3C, Supplementary Fig. 8A,
Supplementary Data 1). These data were consistent with the doubling of
the association rate for DE1 +DT compared to DT despite the faster
DE1 +DTdissociation rate. Similarly,DE3 +DThadanassociation rate ~3-
fold faster than DT but with a ~3-fold faster dissociation rate, giving rise
to a similar affinity to DT (Supplementary Fig. 8A, Supplementary
Data 1). Thus, theDE3+DTdesign nevertheless showedover an order of
magnitude higher calcium flux, indicating the enhanced DE1 and DE3
Env design association rates improved BCR triggering (Fig. 3C).

We next tested whether differences in association and dissocia-
tion rates could be related to unintended Env structural changes

caused by the designedmutations.We obtained a cryo-EM structure of
the CH848-d949 and DE3 SOSIP Env bound to DH270.6 at 3.6 Ang-
stroms and compared it to a previously determined CH848-d949 Env
bound to DH270.633, and found that the only discernable difference
between the structures was the absence of density for the N442-glycan
in the DE3 structure (Fig. 3D, Supplementary Fig. 13). We then com-
pared the cryoEM structures of these Envs bound to the CD4 binding
site VRC01 bnAb to examine the unliganded V3-glycan bnAb epitope
structure. Differences in the structures were only visible at the N442-
glycan position, where the DE3 design lacked density, and the Fab
constant region, which showed a shifted elbow angle (Supplementary
Fig. 14). Thus, the design-enhanced kinetics are attributable to the
encounter states observed in the MSM.

We next asked whether the improved association and affinity
gradients would enhance selection of key VH R98T/VL L48Y I3.6
mutations in vivo in DH270 bnAb intermediate antibody knock-in
mice. We immunized fourteen IA4 intermediate knock-in mice four
times with either the CH848-d949 10.17 construct containing muta-
tions D230N, H289N, and P291S to fill holes in the glycan shield5 or the
DE3 design (Supplementary Data 3). IA4 is a mutated version of I5.6
containing VH S60Y and VL V100I, neither of which is essential for
neutralization breadth or potency15,26. Mice immunized with the DE3
design displayed an elevated mean titer of CH848-d949 pseudovirus
neutralization compared to mice immunized with unmutated CH848-
d949 Env and showed greater neutralization breadth and potency for
several heterologous HIV-1 viruses (Fig. 3E). Trends in elevated mean
values for the DE3 design for total VH and VL mutations after vaccina-
tion were seen (Supplementary Fig. 15A). Our primary immunogen
design goal was to specifically select for the improbable VH R98T and
VL L48Ymutations that occur in the I3.6 intermediate. Next-generation
sequencing (NGS) of DH270 B cells in the mice immunized with DE3
induced significantly enhanced selection of the target VH R98T and VL

L48Y mutations (Fig. 3F). To assess whether the DE3 design selected
for other known improbablemutations, we examined the frequency of
the I2 intermediatemutationG110Y. This mutation was not involved in
the relevant DE3 encounter states and did not show significant dif-
ferences between the groups. (Supplementary Fig. 15B). These results
indicated that the D3 immunogen precisely selected the targeted
neutralization-critical R98T and L48Y mutations, as targeted by our
association path-based design strategy. It was important to determine
if both mutations could be selected together in the same antibody.
From a mouse immunized with DE3 that showed considerable neu-
tralization breadth (Fig. 3E), we identified a total of 46 DH270 lineage
BCRs from a total of 59 isolated B cells (Supplementary Fig. 15C). Of
these, 10 had both VH R98T and VL L48Y mutations, and 9 contained
R98T only (Supplementary Fig. 15D). These results showed that the
association pathway-based immunogen design selected for specific
mutations targeted in the DH270 bnAb intermediate B cells by
vaccination.

We next asked whether the DE3 would act as a more effective
boost to our previously described CH848-d949 10.17 DT ferritin
nanoparticle priming immunogen5,8. This immunogen is known to
effectively select for the key heterologous neutralization breadth
enhancing I5.6mutation VH G57R. Themice were split into two groups
with five mice each and immunized four times with the nanoparticle
construct, followedby four immunizationswith either the glycanholes
filled CH848-d949 10.17 timer or the DE3 trimer (Supplementary
Data 3). The groups’ median mutation frequencies for DH270 heavy
and light chains were similar (Supplementary Fig. 16). Examination of
key mutation frequencies did not reveal significant differences
between the groups, including for the targeted VH R98T and VL L48Y
mutations (Supplementary Fig. 16). Significant differences in auto-
logous pseudo-virus serum neutralization titers were not observed
between the mice in each study. Of five heterologous pseudo-viruses
tested for serum neutralization, only one, the 6101.1 pseudo-virus,
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showed a significantly greater mean neutralization titer in the glycan
holes filled CH848 d949 10.17 construct group (Supplementary
Fig. 16). While not rising to the level of significance, themean selection
frequency of the I5.6 intermediate VL S27Y was greater in the holes-
filled CH848 d949 10.17 group, while the I2.6 intermediate VH G110Y
mutation occurred with a greater mean frequency in the DE3 group.
The S27Ymutation, alongwith the I5.6G57Rmutation, is present in the

IA4 knock-in mice, where DE3 immunization showed significantly
enhanced selection of the R98T and L48Y mutations compared to the
holes-filled CH848 d949 10.17 immunization. The G110Y mutation is
not present in the IA4 mice and the mean selection of G110Y was
similar in both IA4 groups. The absence of significant differences
between the primed and boosted groups may be related to how affi-
nities, and therefore selection, can differ in the presence of differing

Fig. 3 | DH270.6 encounter state design improves the selection of target
mutations. A Association rates for the parent CH8483 Env SOSIP (black) and
CH848 DE3 design (red) for the DH270 lineage UCA, intermediates, and DH270.6.
B Affinities for the parent CH8483 Env SOSIP (black) and CH848 DE3 design (red)
for the DH270 lineage UCA, intermediates, and DH270.6. Log scaling is used for
visual clarity. C DH270.UCA Ramos B cell BCR triggering was measured as a per-
centage of calcium flux relative to themaximum flux observed for an anti-IgMFab2.
D cryo-EM map of the DE3 design bound to DH270.6 (gray) and a difference map
between the parent CH848 bound to DH270.6 and the DE3 design bound to
DH270.6 highlighting the N442-glycanmissing density (green). Contour levels 1.64
and 0.57, respectively. E Panel of pseudo-virus IC50 neutralization titers for sera
from IA4 knock-in mice immunized with either the glycan hole-filled CH848-d949

SOSIP trimer (N = 12 mice in group) or the DE3 design (N = 13 mice in group). Sig-
nificancewas calculated using a two-tailed, non-parametric Mann-Whitney test and
is marked by an asterisk (*p <0.05; CH848.10.17, p =0.203; CH848.10.17 Holes Fil-
led, p =0.320; CH848.10.17.N332T, p =0.220; CH848.10.17.DT, p =0.019;
CH848.10.17.DT.N332T, p =0.964;Q23, p =0.011; JFRL,p =0.220; TRO.11,p =0.055;
DU156.12, p >0.999; ZM106F, p =0.096; CAAN5342, p >0.999; 92RW20, p =0.264;
6101.1, p =0.024; MLV-SVA, p >0.999). F Mutation frequencies for the IA4 key
improbable mutations heavy chain R98T and light chain L48Y. Bars indicate the
geometric mean frequencies. Significance was calculated using a two-tailed, non-
parametricMann-Whitney test and ismarkedby anasterisk (*p <0.05,N = 11mice in
the CH848-d949 immunized group and N = 13 mice in the DE3 immunized group).
Source data are provided as a Source Data file.
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sets of mutations such as S27Y and G110Y. This would suggest that
sequential immunization must consider such coupling to ensure that
critical residues are selected in an order that does not hinder the
selection of subsequent key mutations.

Association pathway-designed immunogens for bnAb immuno-
gens for the CD4 binding site
To determine the ability of association pathway immunogen design to
be effective for targeting Env bnAb sites other than the V3-glycan
epitope, we designed boosting immunogens for a CD4 binding site
(CD4bs)bnAbBcell lineage. Themost potentCD4bsbnAbs attain their
neutralization breadth by mimicking CD4 interactions with Env. In
contrast to V3-glycan bnAbs, CD4-mimicking bnAbs, are genetically
restricted to two VH genes, VH1-2*02 or VH1-4620,37,38. Both show
structural mimicry of the CD4 receptor interaction with the Env
trimer20,39. Antibodies of the VH1-2*02-class use a rare five amino acid
Light Chain Complementarity Determining Region 3 (LCDR3) and
contain either deletions or multiple glycine mutations in the LCDR1 to
accommodate the proximal gp120 loop D and N276 glycan39. The VH1-
46-class of bnAbs is an attractive target for HIV-1 vaccine design
becauseneither deletions in the LCDR1 nor atypically short LCDR3s are
required for their neutralization breadth, and a high-affinity germline
targeting Envhasbeendesigned for theUCAof theVH1-46prototypeB
cell lineage, CH23540. This immunogen selected for a key improbable
mutation, K19T, in a CH235 UCA knock-in mouse model8, and elicited
CD4 mimicking serum-neutralizing CD4bs antibody precursors
derived from rhesus VH genes orthologous to human VH1-4641. Here,
we focused on the first two intermediates, the early I60 and the next
intermediate antibody, I59, and two later intermediate antibodies that
displayed substantial gains in neutralization breadth, I39 and I35
(Fig. 4A) 20,41.

The MD system was prepared similarly to the CH848-
DH270.6 system with a truncated CH505TF gp120 and a CH235.12 Fv
positioned unbound near the CD4bs and with the antibody HCDR3
oriented toward a gp120T (Supplementary Fig. 17A, B). A total of 27
adaptive iterations were conducted, yielding 6597 simulations for a
total accumulated simulation time of ~1.6ms, including 34 transitions
to a near-bound state. A common transition path involved coupling of
the Env CD4-binding site loop with a β-sheet region adjacent to the
antibody Heavy Chain Complementarity Determining Region 2
(HCDR2), followed by a rotation of the antibody that brought the light
chain close to its final point of contact with the Env loop D (Supple-
mentaryMovies 3 and 4), (Supplementary Fig. 17C–E). UnlikeDH270.6,
the fully matured CH235.12 antibody did not transition beyond a near-
bound state, here defined as a bound state RMSD below 4Å but
without maintaining specific VL and HCDR3 contacts (Supplementary
Fig. 17D). This appeared to be due to steric hindrance caused by flex-
ible epitope loops that prevented the formationof specificbound state
contacts. This near-bound state nevertheless likely represents the final
stage of the association process where these contacts are formed. We,
therefore, used this state as the model endpoint to interrogate more
distant encounter states. The association pathwaydetermined froman
MSM of these simulations revealed three encounter intermediate
states, States 1-3, that all led to the near-bound state (Fig. 4B, Supple-
mentary Fig. 18–20). Like the DH270.6 pre-bound state, the overall
near-bound conformation was similar to the bound conformation but
displayed considerable flexibility (Fig. 4B). The dominant pathway led
from diverse structural states surrounding the CD4bs, with the HCDR3
orientated toward the g120T (Fig. 4B). This state was connected to two
distinct encounter states: one in which the HCDR3 interacted with V5
and loop D (Fig. 4C) and the other state was with an HCDR2-adjacent
VH contact with the CD4bs loop (Fig. 4D). Each encounter state had
direct access to the near-bound state (Fig. 4B).

In the context of the Env trimer, several conformations in
Encounter States 1 and 2 would be partially occluded by the adjacent

gp120 protomers, whereas Encounter State 3 is predicted to not be
occluded by adjacent protomers (Supplementary Fig. 21). We, there-
fore, selected Encounter State 3 for further design consideration since
our vaccine Env immunogen platform is a trimer. Encounter State 3 is
stabilized by polar contacts between CH235.12 VH R56 and
N54 sidechains andmainchain gp120 residues 364 to 366 of the CD4bs
aswell as residues 469 to471. Thesecontacts are similar to those found
in a crystal structure of CH235.12 bound to the clade A/E 93TH057 Env
gp12020 and act to anchor the antibody to the Env. These residues are
at the periphery of the paratope, creating a hinge-like anchor about
which the antibody can rotate into the bound configuration (Supple-
mentary Movie 3). These residues are G54 and S56 in the CH235.UCA
and would provide limited stabilization of this encounter. Consistent
with an important role for the changes observed in the mature
CH235.12, we have shown mutations acquired at these residues
enhance Env binding breadth when added to the CH235.UCA20. Their
appearance in an early encounter state here suggests they play
important roles in both reaching andmaintaining the bound state and
are, therefore, important targets for design.

As in the DH270.6 pathway design, we focused on opening this
state to collision and enhancing passage from this state to the near-
bound state. Two glycans distant from the epitope limited access to
the State 3 conformation—one was positioned on the V1/V2 domain at
position N197, and the other on the outer domain at N386. Deletion of
the N197-glycan was previously shown to enhance virus neutralization
by CD4bs targeting bnAbs42. We, therefore first examined an N-linked
glycosylation site deletion at N197 (N197D)41. The results showed a
nearly 6-fold association rate enhancement for the CH235 UCA and a
nearly ~9-fold reduced association rate for the first intermediate, I60
(Supplementary Figs. 22–24 and 25A, Supplementary Table 2). How-
ever, the following intermediate, I59, and later intermediates, I39 and
I35, did not show association rate differences (Supplementary
Figs. 22–24 and 27A, Supplementary Table 2). The I39 and I35 inter-
mediates showed reduced dissociation rates at 2- and 3-fold, respec-
tively (Supplementary Figs. 22–24 and 25A, Supplementary Table 2).
The mature CH235.12 bnAb showed a ~4-fold enhanced association
rate and no change in the dissociation rate (Supplementary
Figs. 22–24 and 25A, Supplementary Table 2). The enhanced associa-
tion rate for CH235.12 was consistent with the CH235.12 association
pathway, which was hindered by the presence of the N197-glycan. The
substantial differential in the N197D association and dissociation rates
between the UCA, intermediates, and mature antibodies suggest a
complex interplay between the effects of differing antibodymutations
as the CH235 VH1-46 CD4bs B cell lineage develops.

Examination of a representative set of Encounter State 3 struc-
tures suggested that replacing the N386-glycan with an arginine could
aid in attracting this state through interaction with CH235.12 Fv
aspartate and glutamate residues (Supplementary Fig. 26). Consistent
with Encounter State 3 structural observations, an N386A mutation,
referred to here as CH235 Encounter design 0 (CE0), enhanced the
CH235.12 Fab association rate by ~2 fold and a stabilized form of an
N386Rmutation, referred tohere asCE1,which contains the F14 and 2P
stabilization mutations43,44, enhanced the CH235.12 Fab by ~6 fold
(Fig. 4E, Supplementary Figs. 22–24 and 25B, Supplementary Table 2).
The non-stabilized CE1 design showed only ~2-fold enhanced associa-
tion rate, suggesting stabilization affected the rate (Supplementary
Table 2). We, therefore, measured affinities for the F14 + 2P stabilized,
unmutated CH505.M5.G458Y trimer. No changes in CH235.12 asso-
ciation rate were observed for this construct, indicating the stabiliza-
tion alone did not yield the CE1 association rate. These results show
that theN386R and stabilizationmutationswere coupled in their effect
on the CH235.12 association rate (Supplementary Table 2). Substantial
impacts on the association rate for the N386A mutation were not
observed for the CH235 UCA or intermediates I60 and I59. Modest
enhancements began at I39 and I35, suggesting mutations acquired
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Fig. 4 | The association pathway for the CH235.12 Fv identifies design targets.
A Graphical representation of lineage-based design depicting a simplified phylo-
genetic tree leading from the inferred UCA and intermediates to the mature
CH235.12 bnAb. Design targets D1-D4, each targeting low probability mutations
(red), that are key for neutralization breadth. B Association pathway for CH235.12
determined from an MSM prepared from the simulated set. Important regions of
the gp120T (blue) include the CD4bs loop (cyan), the V5 loop (red), the loop D
(magenta), and the antibody HCDR3 (bright green). A single gp120 state is used
throughout, with 50 representative samples of the antibody shown for each state
(ensemble of line structures). Arrows show transition paths with sizes adjusted to
indicate the relative flux through each transition. Structures are positioned based
on the probability that each state will move forward to the bound state along the
x-axis. Transitions targeted fordesign are highlighted (pink).CRepresentative state

from encounter State 2 highlighting the position of the N276-glycan and contact of
theHCDR3with loopD.DRepresentative state from encounter State 3 highlighting
the position of the N386-glycan and contact of the HCDR2 proximal sheet residues
with the CD4bs loop. EMature CH235.12 association rates for the CH505.M5.G458Y
parent and the CH505.M5.G458Y CE0 and CE1 designs. Error bars are standard
deviations from the mean of three replicate measures. F Aligned structures of the
CH505.M5 trimer bound to the early intermediate CH235.I60 Fab or mature bnAb
CH235.12 Fab bound to either CH505.M5 or CH505.M5.G458Y highlighting the
difference in the V5 loop. The Y458 sidechain is shown for reference.GCH235UCA,
intermediate I60, and mature CH235.12 Fab affinities for the CH505.M5.G458Y
parent and the CH505.M5.G458Y CE2 design. Error bars are standard deviations
from the mean of three replicate measures. Log scaling is used for visual clarity.
Source data are provided as a Source Data file.
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late in CH235 maturation permitted direct use of the N386-glycan
occluded encounter site (Supplementary Figs. 22–24 and 25B, Sup-
plementary Table 2). Dissociation rates were largely unaffected by the
N386 PNGS removal in the UCA, I60, I59, and I39 but showed a two- to
four-fold dissociation rate increase, eliminating affinity gains (Sup-
plementary Figs. 22–24 and 25B, Supplementary Table 2). The N386-
glycan site is adjacent to the CH235 antibody binding CD4bs loop
interaction interface. As glycans are known to stabilize the protein
fold45,46, eliminating this glycan may increase CD4bs loop dynamics
and thereby impact bound state stability. The increase in the associa-
tion rates for CH235.12 with N197 and N386 PNGS substitutions is
consistent with the simulation-based association pathway that shows
these glycans block encounter formation. However, the variability in
PNGS removal impacts on the antibody lineage member kinetic rates
suggests that these pathways may change substantially as the lineage
develops.

We next examined gp120 dynamics in Encounter State 3 and the
near-bound state (Supplementary Movie 4). The CH235.12 antibody
contacts the gp120 CD4bs loop, the V5 loop, and loop D in the bound
state. Of these, the most conformationally variable loop was V5 (Sup-
plementary Fig. 26C). To better understand the impacts of this flex-
ibility on antibody binding, we determined cryo-EM structures of our
previousCH505design that contained anN279Kmutation (M5) in loop
Dbound to the early CH235 intermediate I60 and thematureCH235.12
bnAb in addition to a CH505.M5 design containing a G458Y
(CH505.M5.G458Y)mutation in V5 bound toCH235.12 (Supplementary
Fig. 27). Examination of the V5 loop backbone trace in these structures
revealed marked differences in its conformation (Fig. 4F). In the I60
bound CH505.M5, the V5 loop between residues 458 and 461 is posi-
tioned distant from the I60 light chain, showing limited interaction
with the heavy chain. In the CH235.12 bound CH505.M5 structure,
residues G458 and G459 rest in a groove between the VH and VL,
packing against the VL W94 sidechain. This is permitted in the
CH235.12 bound structure due to the I39 VH W47L mutation, which
allows the W94 rotamer to shift by ~90°, creating the groove for V5
interaction. The introduction of I39 W47L mutation along with I59
S56R in the CH235 UCA and post I39 CH235 G54W was previously
shown to increase recognition from three to five of fifteen hetero-
logous HIV-1 Envs from multiple clades20, suggesting this shift in V5
interaction plays an important role in neutralization breadth. The
CH235.12 bound CH505.M5.G458Y V5 loop is positioned intermediate
to these two V5 positions, with the aromatic tyrosine sidechain posi-
tion proximal to the VH/VL groove. These results suggest later inter-
mediates can effectively manage V5 conformational variability.

We then asked whether limiting V5 loop flexibility in a
CH505.M5.G458Y construct via a disulfide staple at the base of the V5
loop between residues 457 and 465, referred to here as CE2, could
enhance early CH235 clonal lineage antibody affinities. A cryo-EM-
derived structure of the CE2 design confirmed disulfide bond forma-
tion (Supplementary Fig. 28). The V5-loop between residues 458 and
464waspoorly resolved in the cryo-EMmap, suggesting these residues
are conformationally dynamic.

We next compared CH235 clonal lineage kinetics between the
parent CH505.M5.G458Y construct and the CE2 design. The UCA
showed a ~14-fold improvement in the dissociation rate with the CE2
design, with no change in the association rate. (Fig. 4G, Supplementary
Figs. 22–24 and 25C, Supplementary Table 2). The early I60 inter-
mediate showed a ~2-fold enhanced association rate with a ~20-fold
improvement in the dissociation rate (Fig. 4G, Supplementary
Figs. 22–24 and 25C, Supplementary Table 2). While these early-stage
CH235 antibodies showed substantial dissociation rate improvements
in the CE2 construct, the I59, I39, I35, and mature CH235.12 antibodies
did not show dissociation rate improvements, with ~2-fold association
rate improvements for each (Fig. 4G, Supplementary
Figs. 22–24 and 25C, Supplementary Table 2). The elimination of these

dissociation rate gains beginning at the I59 intermediate suggests
mutations occurring at I59 allow the antibody to manage V5 loop
flexibility effectively. These include VH S56R and D95N and VL S30R.
The V5-loop varies significantly between differing variants and clades,
acquiringmutations, insertions, anddeletions.While the I59mutations
outweighed the effect of the V5-staple before the acquisition of W47L
this later mutation may nevertheless be essential for Env recognition
breadth. Alternatively, the D457C mutation may affect the extensive,
water-mediated interactions that couple the antibody R56 residuewith
the Env D45720, thus limiting affinity gains introduced by the V5-staple.
These results show that antibodymutation effects can couplewith Env
residues positively and negatively and that the acquisition of certain
antibodymutations can influence affinity gains or losses for additional
mutations.

An improved immunogen for selection of key functional
improbable mutations in the CH235 bnAb B cell lineage
The CH235.12 N54 and R56 sidechains played an essential role in
Encounter State 3, formed important contacts in the bound state20,
and enhanced heterologous Env binding20, and therefore represent
important immunogendesign targets.Our previous designs included a
CH235 UCA affinity enhancing loop D N279Kmutation in the Env loop
D. In the HIV-1 CH505 person living with HIV-1, the K279 residue was
observed in Env sequences between days 22 and 93, suggesting that
early CH235 antibody maturation occurred in the presence of N27920.
Between days 93 and 205 following HIV-1 transmission, the N279
residue was dominant. By day 365, only D279 was present20. Con-
sidering themarked affinity enhancement observed for CH235 binding
to the K279 variant and the short time window over which it was
present during infection, we asked what effect K279 had on the CH235
interaction. A previously determinedCH235 bnAbUCA structure40 and
our structures of the I60 and mature CH235.12 bnAbs bound CH505
trimers here show that the K279 side chain does not interact with the
antibody (Fig. 5A, Supplementary Fig. 29). It was, therefore, not clear
how this residue facilitated enhanced affinity. Examination of pre-
viously published x-ray crystal structures of HIV-1 isolate 93TH057
gp120 cores, either unliganded or in complex with CH235.12, revealed
that the loop D residue L277, which was buried in the unliganded Env,
was bound to CH235.12 in the antibody-bound complex, demonstrat-
ing a conformational switch of the loop between its unliganded and
antibody-bound states (Fig. 5B)20,47. We hypothesized that the N279K
mutation enhanced loop D rearrangements by increasing the like-
lihood that L277 moves to its extracted state, thereby increasing the
association rate by eliminating a bottleneck to reaching the bound
state. We, therefore, measured the binding of antibodies CH235 UCA,
I60, I59, and CH235.12 with an engineered immunogen, CE3, that
incorporated the V5 disulfide and the N386R substitution with or
without theN279K substitution (SupplementaryTable 2). Both designs
with or without N279K showed substantially higher affinity for CH235
clonal lineage antibody binding than the previous design (Supple-
mentary Table 2)8. The association rate of the CH235 UCA was over an
order of magnitude greater for the K279 design than the N279 design,
and the dissociation rate for the K279 design was ~3 fold lower than
that for the N279 CE3 design (Fig. 5C, Supplementary Table 2). The
larger magnitude effect on the association rate between the N279 and
K279 constructs is consistent with the K279 residue predominantly
influencing association as predicted by the MSM.

We next asked how these differences in rate affect the kinetic rate
and affinity gradients. Faster association rates (i.e., a positive associa-
tion rate gradient) and slower dissociation rates (i.e., a negative dis-
sociation rate gradient) lead to a decrease in the dissociation constant
(KD), signifying improved binding at each stage of antibody develop-
ment. The N279 and the K279 CE3 designs displayed negative asso-
ciation and dissociation gradients from the UCA to the I59
intermediate with positive gradients between I59 and the mature
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Fig. 5 | CH235.12 encounter state design improves the selection of target
mutations. A Aligned structures of the CH505.M5.G458Y trimer bound to either
early intermediate CH235.I60 Fab (dark blue gp120, purple VH, dark gray VL) or
mature bnAb CH235.12 Fab (dark red gp120, green VH, light gray VL) highlighting
the position of loop D residue K279. B (left) Aligned gp120 cores unliganded (light
blue; PDB ID 3TGT) and bound (light green; PDB ID 5F96) to CH235.12 (VH orange,
VL light gray). (right) View of loop D in the unliganded and CH235.12 bound state
showing displacement of residue L277. C Kinetics (left, ka, and middle, kd) and
affinity (right) for the CH505.M5.G458Y CE3 design (N386R+ V5 disulfide+N197D)
with either K279 or N279 (log scaling used for visual clarity). D Mutations fre-
quencies for human heavy (left) and light (right) chain genes in CH235 UCA knock-
in mice. Significance was calculated using a two-tailed, non-parametric Mann-

Whitney test and is marked by an asterisk (*p <0.05; Heavy Chain p =0.056, Light
Chain p >0.999, N = 4 mice per group). E CH235 UCA knock-in mouse serum neu-
tralization titers for CH505 isolate-derived pseudo-viruses. Significance was cal-
culated using a two-tailed, non-parametric Mann-Whitney test and is marked by an
asterisk (*p <0.05; CH505TF N279K p =0.016, CH505TF N279K +G458Y p =0.008,
N = 4 mice per group). F (left) Representative structure of encounter State 3
highlighting the position of the design mutations (red spheres) and the encounter
state contacts (pink spheres) in the CH235.12 HCDR2 proximal sheet. (right)
mutation frequencies for key I60mutations from immunized CH235 UCA knock-in
mice. Significancewas calculated using a two-tailed, non-parametricMann-Whitney
test and is marked by an asterisk (*p <0.05; N = 4 mice per group). Source data are
provided as a Source Data file.
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CH235.12 (Fig. 5C, Supplementary Table 2). This resulted in little dif-
ference in affinity between the UCA and first intermediate, I60, for the
N279 CE3 design and a positive UCA to I60 affinity gradient for the
K279 design (Fig. 5C). The affinity gradients were negative from I60 to
I59 and I59 to CH235.12, showing that the binding improved. The K279
CE3 design antibody interactions were nevertheless substantially
stronger than the N279 design.

Despite the markedly greater affinity of the K279 CE3 design for
the CH235 lineage antibodies, we hypothesized that the N279 CE3
design would more effectively select for mutations at Encounter State
3 antibody anchor positions 54 and 56 in a CH235UCA knock-inmouse
model. Specifically, anchor residues at these sites would increase the
encounter state lifetime, which would allow the antibody more time
for loop D rearrangements. With the N279K mutation, this delay time
would be unnecessary and would, therefore, not cause the selection of
these encounter state residues.

Thus, we immunized CH235 UCA knock-in mice with either the
N279 CE3 or the K279 CE3 Env designs (Supplementary Data 3). The
median mutation frequency in the human heavy chain was higher for
the N279 CE3 design immunized mice compared to the K279 CE3
immunized mice (Fig. 5D). We first compared serum pseudovirus
neutralization for CH505TF, CH505TF with the N279K mutation, and
CH505TF with both the N279K and G458Y mutations. We did not
observe either group’s neutralization of the CH505TF pseudovirus
(Fig. 5E). However, both mutant pseudoviruses were neutralized by
sera from all mice immunized with the N279 CE3 design (Fig. 5E). All
sera from the K279 CE3 design immunized mice neutralized the
CH505TF N279K and G458Y-mutated pseudovirus, while only two of
five sera neutralized the N279K-mutated CH505 pseudo-virus (Fig. 5E).
Mean neutralization titers for both mutated pseudoviruses were
greater for the N279-immunized mouse sera. We, therefore, asked
whether specific residue selection frequencies in the mice could
explain this difference in neutralization. Consistent with predictions
based on the CH235.12 association pathway, I60 intermediate VH

mutation G54V and I59 intermediate VH mutation S56R showed ele-
vated mean frequencies in the N279 CE3 immunized mice (Fig. 5F).
Additionally, an adjacent mutation, N52D, that stabilizes the LCDR2
loop showed a significant increase in frequency. The encounter State 3
proximal I60 intermediate VHmutationK19T also showed an increased
frequency in addition to a loopDproximal HCDR3 I60 intermediate VH

mutation A97V and a pre-I39 intermediate VL framework mutation
T71S (Supplementary Figs. 30 and 31). results showed that interactive
antibody-antigen residue level mechanistic information and
association-pathway-based design can be used to directly engineer
immunogens targeted to disparate Env bnAb epitopes to select for
antibody mutations at specific Env sites.

Discussion
Here, we examined encounter complex formation based on MD and
Markovmodeling to design boosting immunogens to select functional
mutations of HIV-1 bnAbs. In doing so, we uncovered the
3-dimensional pathway these antibodies take to reach the bound or
near-bound states on the Env, finding that epitope distant sites can be
essential for antibody binding. This is consistent with findings from
othermethods such as the neutralization Env signature analysis, which
identified non-contact Env signatures (both epitope proximal and
distal) that show statistically robust associations with neutralization
sensitivity to each class of bNAbs29. While it remains to be system-
atically investigated, we speculate that such non-contact Env residues
could impact bNAb binding or neutralization because they lie in the
transient antibody footprints of one or more of the encounter states,
and ultimately modulate the probability of reaching the bound state.
Combined with structural analysis of bnAb precursor-Env interactions,
this pathway-based approach proved effective in (1) enhancing kinetic
rates for target antibody mutations and (2) inducing, by vaccination,

bnAb intermediate antibodies bearing the targeted mutations. For the
V3-glycan lineage DH270, targeting the R98T and L48Y mutations
showed mechanistically how these mutations aided in antibody bind-
ing and directly identified how the antigen could be modified to
amplify their effects. This amplification specifically enhanced the
selection of these mutations by vaccination, but not other known,
critical mutations. For the CD4bs lineage CH235, we enhanced selec-
tion for mutations at the CD4bs proximal HCDR2 contacts, including
S56R and G54V, by engineering a role for a critical encounter state.
Thus, from these studies, a clear mechanism for the effects of pre-
viously identified mutations emerged that we leveraged to demon-
strate that retaining certain bottlenecks while removing others can
positively influence the selection of bnAb maturation mutations at
specific antigenic sites via immunization. The association pathway
immunogen design approach provided a robust path to designing
immunogens that guide bnAb B cell lineage maturation.

The difference in affinity between the two CH235-targeted Env
designs highlights a fundamental challenge in vaccine design. Simply
removinghurdles to enhancedbinding affinity does not guarantee that
breadth-enhancing mutations will be selected in vaccination. For the
DH270 lineage, we enhanced affinity directly through the targeted
R98T and L48Y mutations while ensuring the gradient between the
unmutated and mutated forms of the antibody was strong. For the
CH235 lineage design, rather than focusing on high affinity binding, we
optimized the immunogen to fully use the encounter state anchoring
residue mutations we targeted. Each mutation’s role in the antibody
reaching and retaining the bound state defined whether a particular
bnAb mutation will be positively or negatively selected based on the
properties of the antigen surface. This was exemplified in the CH235
G55Vmutation, which is highly probable but was negatively selected in
the K279 design. The association pathway indicated this occurred
because it was rendered unimportant by bypassing its role in the
association process. These results emphasize the necessity of under-
standing the role of Env binding for all antibody residues at the
atomic scale.

The importance of encounter states in association pathways for
interactive partners with non-diffusion-limited association rates is well
documented48. Typical barriers include conformational selection,
induced fit, and steric factors that narrow the orientation space over
which productive collisions can occur48. In the case of antibody bind-
ing to HIV-1, each of these proved critical in both the DH270.6 and
CH235.12 bnAb B cell lineage pathways. Consistent with the Env gly-
cans acting as a shield, productive antibody-Env collisions occupied
specific, limited orientations. While the encounter states displayed
greater motion than bound states, movement occurred about specific
hinge pointswithwell-defined contact surfaces. Transitions from these
collision-induced states then faced a conformational selection hurdle
presented by glycan or loop motions that effectively acted as gates to
themovement toward the bound state. In bothDH270.6 andCH235.12,
the final barrier to reaching the fully bound state involved induced fit,
where a bound conformation required a conformational change in a
proximal loop. For the V3-glycan bnAb, DH270.6, this involved dis-
placement of the Env V1 loop by the DH270.6 VH R57 residue. For
CH235.12 CD4bs bnAb, the loop D must rearrange. This transition did
not occur in our simulations, suggesting that this process is relatively
slow, necessitating a long-lived encounter state to ensure that the
antibody is not dislodged prior to loop D rearrangement. Salt bridges
played an important role in facilitating transitions in both simulated
paths, acting as either hinge point tethers, as in the CH235.12 R56
CD4bs loop contact, or as drivers of rotation, as in the DH270.6 R57
pulling the antibody toward thebound state. Recent evidence suggests
recurrent antibodybinding sitemotifs exist, especially at theperiphery
of the paratope, that aid in defining public epitopes that often involve
ionizable residues49. Important contacts at these positions would
provide ideal hingepoints aboutwhich anantibodymay rotate into the
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bound state, and long-range attraction could play an essential role in
driving the early formation of such contacts in an association pathway.
This is consistent with observations in our simulations and may pro-
vide a path toward identifying probable encounter states or designing
novel encounter sites for association rate design. These motifs often
occur in antibody light chains49, which are sampled less frequently in
large-scale sequencing efforts50, and are consistent with the critical
role light chain residues played in these association pathways and in
antibody maturation in general 51.

Defining an association transition hierarchy allowed us to pin-
point Envmutations for association rate enhancement at two different
levels of the association pathway. We first identified early encounter
states involving target contacts and removed barriers to collision,
namely, the removal of encounter proximal glycans. Removal of bound
state proximalglycans has been testedpreviously, and, thoughholes in
the glycan shield can encourage off-target responses52, these immu-
nogens have shown enhanced bnAb antibody affinities12,53–57. The pre-
vious approaches were, however, empirical, whereas the present
approach is mechanistic and can guide complimentary antigen-
antibody surface design at the deletion site for specific bnAb muta-
tion selection. The second step in our approach involved removing
barriers to transitions from collision-induced states to nearer-bound
states. We showed that this approach can effectively guide the design
of over an order of magnitude enhancement in antibody-antigen affi-
nity for two distinct epitopes.

This high-precision approach has several limitations. Major hur-
dles exist in acquiring the large amount of data and information nee-
ded to facilitate this approach. Previous efforts provided a robust
backdrop of clonal lineage ontogeny, virus neutralization, Env affinity,
and high-resolution structure information, all key requisites to initi-
ating a study like that presented here. It is also clear that specific bnAb
mutation targets are needed. HIV-1 bnAbs are extensively somatically
mutated, often acquiring upwards of fifty mutations. Many of these
mutations are unnecessary for neutralization breadth, as exemplified
by minimally mutated bnAbs containing as few as twelve mutations
while retaining breadth and potency13,26,58. Few minimally mutated
bnAbs have been identified, and the process for identification remains
a time and resource-intensive task. These, combined with sometimes
stringent germline sequence requirements that make precursors quite
rare, create substantial barriers to bnAb induction59. Finally, the com-
putational burden of the molecular simulation approach here is sig-
nificant, requiring dedicated access to many machines running
continuously for months at a time to predict a single antibody asso-
ciation path, creating a significant bottleneck to designing an effective
HIV-1 vaccine. Recent advances in enhanced sampling tools, such as
Gaussian accelerated MD weighted ensemble60, and artificial intelli-
gence tools for generating conformations from sparse MD training
data, such as variational autoencoders61,62 and generative adversarial
networks63, may provide a path to significantly accelerating the
throughput of this approach. Each of these hurdles is substantial. The
present study shows the proof-of-concept for this undertaking, paving
the way for high-precision vaccine design.

With each year, new HIV-1 bnAbs are identified. Each of these
represents a target for immunogen design, and they suggest that the
antibody repertoire space amenable to broad neutralization is large.
While no one precursor is guaranteed to be present in any particular
individual, a vaccine designed tomaturemultiple bnAbs would greatly
increase the probability of inducing one or more known bnAbs.
Expanding this approach to known bnAbs, accelerating the through-
put of bnAb identification, identifying the functional bnAb mutations,
and defining mutation-targeted affinity gradients will be essential to
design vaccines that can select for a polyclonal HIV-1 bnAb response. It
is evident from the studies presented here that it is a feasible goal to
directly design Envs that target and select specific bnAb B cell lineage
functional, improbablemutations. For a successful HIV-1 vaccine, itwill

be necessary to map bnAb-Env encounters at each step of B lineage
development for multiple bnAb epitopes, and, as well, to accomplish
this for multiple B cell lineages at each epitope.

Methods
The research presented in this study complies with all relevant ethical
regulations. The Duke University Institutional Animal Care and Use
Committee (IACUC) approved all mouse immunization study proto-
cols and veterinarian procedures. All mice were cared for in a facility
accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC).

Recombinant HIV-1 envelope SOSIPs, antibodies, and Fab
production
The DS stabilized64 CH848.10.17.d949 DT and DE1-3 envelope SOSIPs
and the 4.165, 2P44, and F14 stabilized43 CH505.M5.G458Y, CE0-3 SOSIPs
were expressed in FreestyleTM 293-F cells (ThermoFisher Cat No.
R79007). The modified CH505 transmitted founder Env SOSIPs were
chimeras containing the CH505 gp120 and BG505 gp41 domains. To
express a sufficient amount of protein for immunization, the K279
construct required additional stabilization mutations, F14 and 2P.
Before transfection, cells were diluted in FreestyleTM 293 Expression
Medium (Cat No. 12338018) to 1.25 × 106 cells/mL at a volume of
950mL. Plasmid DNA expressing the envelope SOSIP and furin were
co-transfected at a 4:1 ratio (650μg and 150μg per transfection liter,
respectively) and incubated with 293fectinTM transfection reagent
(ThermoFisher Cat No. 12347019) in Opti-MEM I Reduced Serum
Medium (ThermoFisher Cat No. 31985062) to allow for complex for-
mation. The diluted mixture was added to the cell culture which was
incubated at 37 °C, 9% CO2 on a shaker at 120 rpm for 6 days. On day 6
the cell supernatant was harvested by centrifuging the cell culture at
4000× g for 45min. The supernatant was filtered with a 0.45μm PES
filter and concentrated to ~100mL using a Vivaflow® 200 cross-flow
cassette (Sartorius Cat No. VF20P2).

Envelope SOSIPs were purified using a PGT145 or PGT151 affinity
chromatography equilibrated in 15mM HEPES, and 150mM NaCl
(pH = 7.1). A PGT145 and PGT151 Ab affinity column was made by
coupling mAbs to CNBr-activated Sepharose 4B (Cat No. 170430-01,
GE Bio-Sciences) and packed into a Tricorn column (GE Healthcare).
The supernatant was applied over the column at 2mL/min using an
AKTA go chromatography system (Cytiva) followed by three-column
volume wash steps with 15mM HEPES, and 150mM NaCl. Protein was
eluted off the column using 3M MgCl2 and diluted in 15mM HEPES,
and 150mM NaCl buffer. The protein sample was buffer exchanged
into 15mMHEPES, and 150mMNaCl by ultrafiltration using a 100 kDa
MWCO Amicon® Ultra-15 Centrifugal Filter Unit (Millipore Aldrich Cat
No. UFC9010) and concentrated to <0.5mL for size exclusion chro-
matography. Size exclusion chromatography was performed using a
Superose 6 10/300GLColumn (Cytiva) on anAKTAgo system in 15mM
HEPES, and 150mM NaCl. Fractions containing trimeric SOSIP were
collected. Lots produced were subjected to quality control including
analytical SEC, SDS-PAGE, thermal shift analysis, biolayer inter-
ferometry, and negative stain electron microscopy to assure the pre-
sence of well-folded Env trimers.

Recombinant antibody and antibody Fab production
Antibodies were expressed in Expi293FTM cells in the Expi293TM
Expression System (ThermoFisher Cat No. A1435101). Cells were dilu-
ted to 1.25 × 106 cells/mL at a volume of 100mL. Heavy and light chain
plasmid DNA, at a ratio of 1:1 (50 µg each per 100mL transfection),
weremixed inOpti-MEM I Reduced SerumMedium (ThermoFisher Cat
No. 31985062) and incubated with Expifectamine 293 transfection
reagent (ThermoFisher Cat. No. A14525) to create the DNA-reagent
complex. The mixture was added to the prepared cell culture which
was transferred tobe incubated at 37 °C, 8%CO2on a shaker at 120 rpm
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for 6days.Onday6, the cell supernatantwasharvestedby centrifuging
the cell culture at 4500 rpm for 45min. The supernatant was filtered
with a 0.45μm PES filter.

Each antibody was purified with a Cytiva HiTrap Protein A HP
antibody purification column (Cytiva Cat. No. 29048576) equilibrated
in 1X PBS. The harvested supernatantwas applied over the equilibrated
column at a flow rate of 0.5mL/min using an AKTA start chromato-
graphy system (Cytiva), followed by 3 column volumewash steps of 1X
PBS. The antibodieswere then eluted offwith Pierce IgGElution buffer,
pH 2.8 (ThermoFisher Cat. No. 21004). The sample buffer was neu-
tralized with Tris-pH 9 at 100 µL/mL (ThermoFisher Cat. No. J60707).
Lots produced were subjected to quality control including SDS-PAGE
and thermal shift analysis.

Antibody Fab was prepared using Lys-C digestion. A digestion
mixture of Lys-C enzyme (ThermoFisher Cat. No. 90307) and IgG
(1:2000 ratio) was combined in 600 µL 1X PBS for each sample. Each
sample was incubated at 37 °C for 2 h. Following the incubation, the
digested Mab was removed from the incubator and a proteinase
inhibitor is added to the solution to stop the digestion process. The
sample was then purified with a Cytiva HiTrap Protein A HP antibody
purification column (Cytiva Cat. No. 29048576), collecting the Fab
fragments that flow through. The Fab fragments are then buffer
exchanged into 15mM HEPES, and 150mM NaCl. Each Fab lot pro-
duced was subjected to quality control by SDS-PAGE and thermal shift
analysis.

Thermal shift assay
Thermal shift assay was performed using Tycho NT.6 (NanoTemper
Technologies). Envelope ectodomain SOSIPs were diluted
(0.15mgml−1) in 15mM HEPES buffer with 150mM NaCl at pH 7.1.
Intrinsic fluorescence was recorded at 330 nm and 350nm while
heating the sample from 35 to 95 °C at a rate of 3 °Cmin−1. The ratio of
fluorescence (350/330nm) and the inflection temperatures (Ti) were
calculated by Tycho NT.6.

Molecular dynamics
Encounter state lifetimes can range from several to hundreds of
microseconds. MD simulations at these timescales are accessible only
by specialized computing hardware that is not widely available. This
was accomplished by building MSMs from the aggregated simulations
to identify movements toward transition states. The states are used in
the next iteration. Since simulations rarely access transition states and
typically return to metastable states when they approach transition
states, launching simulations from near-transition states increases the
likelihood of moving to and beyond a true transition state.

The system size determines the calculation rate for atomistic MD
simulations. As the number of atoms in the simulation increases, the
computing time needed to complete a simulation increases geome-
trically. Therefore, it is essential to prepare the smallest, physically
realistic systempossible to achieve sufficiently robust information that
is of biological relevance. We prepared systems of N- and C-terminal
truncated gp120 domains extracted from Env SOSIP closed-state
structures (PDB IDs 6UM6 and 6UDA for CH848.10.17.d949 and
CH505TF, respectively). Antibody Fv structures were prepared from
crystal structures (PDB IDs 5TQA and 5F96 for DH270.6 and CH235.12,
respectively). Missing loops were added using MODELER66, Unbound
antibody Fvswere positioned near the relevant epitope in PyMol67. The
Fv-gp120T system was glycosylated using the CHARMM-GUI Glycan
Modeler68–73 basedGlycosite-predicted74 glycosylation sites with either
mannose-9 or mannose-5 glycans, for the CH848 and CH505 systems,
respectively. The glycosylated system was immersed in a 150Å octa-
hedral water box, neutralized, and brought to a NaCl concentration of
150mM. The Amber22 software package with pmemd CUDA75–77 using
the CHARMM36 force field78–81 and TIP3P water model82 was used for
simulations. Electrostatic interactions were calculatedwith the Particle

Mesh Ewald method83 with a cutoff of 12 Å and a switching distance
starting at 10Å. The SHAKE algorithm84 with hydrogen mass
repartitioning85 was used to constrain hydrogen atoms and allow for a
4 fs timestep. To equilibrate the systems, 10,000 steps of energy
minimization were performed with 1000 steps of steepest descent
minimization with 500 kcal/mol •Å restraints on protein followed by
an unrestrained energy minimization consisting of 10,000 steps and
1000 steepest-descent steps. Minimization was followed by 20 ps of
NVT heating with 10 kcal/mol•Å restraints applied to protein atoms
and a subsequent 5 ns NPT equilibration with no restraints, with a
constant temperature of 298.15 K maintained using a Langevin
thermostat86, and pressure of 1 atm was maintained with isotropic
position scaling. A total of 200–400250 ns unrestrained simulations in
the NVT ensemble were performed to equilibrate the system and
generate a wide ensemble of antibody orientations relative to the Env
gp120. The cpptraj tool in AmberTools2187 was used for trajectory
unwrapping.

Adaptive sampling
The last frame from each of the 200–400 250 ns was extracted for use
in the first adaptive sampling routine epoch. Adaptive sampling was
performed using the High-Throughput Molecular Dynamics (HTMD v.
1.24.2) package77. Each subsequent epoch consisted of ~200–400
independent simulations of 250 ns. At the completion of each epoch,
simulations from each iteration were first projected using a distance-
basedmetric between gp120 and Fv amino acid residues gp120 glycan
atoms.Thiswas followedby aTICA78 projectionusing a lag timeof 5 ns,
retaining five dimensions. MSMs were then built using a lag time of
50 ns for the selection of new states for the next iteration. A total of 17
adaptive epochs were performed for the DH270.6-CH848-d949 and
CH235.12-CH505 systems, yielding total simulation times of ~2ms and
~1.1ms for the CH848-d949 system and CH235.12-CH505 systems,
respectively. Simulations were visualized in VMD and PyMol and
selected using tools in the HTMD software.

Markov state modeling
MSMs were prepared in HTMD using inverse exponential distances
between amino acid residues and glycan units identified as contacts in
relevant antibody-bound Env subunits (PDB IDs 6UM6 and 6UDA for
DH270.6-CH848-d949 and CH235.12-CH505, respectively: HXB2 resi-
dues 135, 136, 137, 138, 139, 148, 149, 299, 300, 301, 321A, 322, 323, 324,
325, 326, 327, 328, 329, 330, 332, 415, and417 and theN138, N156, N301,
N332, and N442 glycans for CH848, DH270.6 VH residues 33, 52, 55, 57,
59, 84, 101, 103, 104, 105, 106, 107, 108, 109, 110, 111, 113, and 115, and
DH270.6 VL residues 27, 32, 48, 51, 52, 57, 58, 93, 96, and 97 and HXB2
residues 280, 282, 365, 368, 429, 458, and 470 for CH505 TF, CH235.12
VH residues 30, 55, 57, 62, 65, 72, 102, 104, 105, and 106 andCH235.12 VL

residues 92 and 94). MSMs were prepared in HTMD using a TICA lag
time of 25 ns retaining five dimensions followed by K-means clustering
using 500 cluster centers. The implied time scales (ITS) plots were
used to select a lag time of 100 ns for MSM building. Models were
coarse-grained via Perron cluster analysis (PCCA++) using 5–6 states
and validated using the Chapman-Kolmogorov test. State statistics
were collected for mean first passage times, stationary distributions,
and RMSDs relative to known bound state structures for each
respective system. The RMSD and contact metric means were model-
weighted. Weighted state ensembles containing 50–250 structures
were collected for visualization in VMD.

Cryo-electron microscopy sample preparation, data collection,
and processing
Purified Envelope SOSIP ectodomain preparations were prepared at
concentrations of 4–5mg/ml in 15mMHEPES buffer with 150mMNaCl
at pH 7.1 and mixed with Fab at a 1:5 molar ratio. A total of 2.5 µl of the
complex was deposited on aQuantifoil 1.2/1.3 grid that had been glow-
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discharged for 15 s in a PELCO easiGlow glow discharge cleaning sys-
tem. After 30-s incubation in >95% humidity, the excess protein was
blotted away for 2.5 s before being plunge-frozen in liquid ethane
using a Leica EM GP2 plunge freezer (Leica Microsystems). Frozen
grids were imaged in a Titan Krios (Thermo Fisher) equippedwith a K3
detector (Gatan). Individual frames were aligned, dose-weighted, and
CTF corrected, followed by particle picking, 2D classification, ab initio
model generation, heterogeneous refinements, homogeneous 3D
refinements, and local resolution calculations in cryoSPARC88 (Sup-
plementary Tables 3, 4, and 5).

Cryo-electron microscopy structure fitting and analysis
The antibody-bound SOSIP structures for DH270.6 and CH235 lineage
antibodies (PDB IDs 6UM6 and 6UDA, respectively) structures were
used to fit the cryo-EM maps in ChimeraX (114, 115). Mutations were
made in PyMol or Coot89. Coordinates were then fitted using Isolde
(116) followed by iterative refinement using Phenix90 real-space
refinement. Structure and map analyses were performed using
PyMol67, Chimera91, and ChimeraX92.

Surface plasmon resonance
The SPR binding curves of the DH270 and CH235 lineage Fabs against
CH848 SOSIPs and CH505M5 SOSIPs, respectively, were obtained
using either a Biacore S200 or T200 instrument (Cytiva) inHBS-EP+ 1X
running buffer (Cytiva). For the DH270 lineage Fabs (UCA3, I5.6, I3.6,
I2.6 and DH270.6), PGT151 was immobilized onto a CM5 chip to
~10,000RU. The CH848 SOSIPs were injected at 5 µl/min and captured
to a level of 100–800RU with an average capture level of 450RU.
Using the single cycle injection type, five sequential injections of the
Fabs diluted from 25 to 1500nM were injected over the captured
CH848 SOSIP Trimers at 50 µL/min for 120 s per concentration fol-
lowed by a dissociation period of 600 s. The Fabs were regenerated
with a 12 s pulse ofGlycine pH2.0 at 50 µL/min. Fab binding to a surface
withnegative control Flu antibody,Ab82, immobilized to a similar level
as PGT151 as well as buffer binding were used for double reference
subtraction to account for non-specific antibody binding and signal
drift. Curve fitting analyses were performed using the 1:1 Langmuir
model with a local Rmax. One interaction (DE1 with DH270UCA3) used
the heterogeneous ligandmodel with the faster kinetics reported. The
reported binding curves and kinetics for all DH270 Fabs are repre-
sentative of at least one data set. For the CH235 lineage Fabs (UCA, I60,
I59, I39, I35 andCH235.12), PGT151was immobilizedonto aCM5chip to
~5000–10,000RU. The CH505M5 SOSIPs were injected at 5 µl/min and
captured to a level of 100–800RU with an average capture level of
400RU. Using the single cycle injection type, five sequential injections
of the Fabs diluted from 31.25–3000nM were injected over the cap-
tured CH505M5 SOSIP Trimers at 30 µL/min for 120 s per concentra-
tion followed by a dissociation period of 600 s. The Fabs were
regenerated with a 12 s pulse of Glycine pH2.0 at 50 µL/min. Fab
binding to a surface with the negative control Flu antibody, Ab82,
immobilized to a similar level as PGT151 as well as buffer binding were
used for double reference subtraction to account for non-specific
antibody binding and signal drift. Curve fitting analyses were per-
formed using the 1:1 Langmuir model with a local Rmax. The reported
binding curves and kinetics for all CH235 Fabs are representative of at
least three data sets (Supplementary Data 2).

B cell activation and calcium flux measurements with
Ramos cells
Calcium flux experiments were performed using the FlexStation 3
Microplate Reader (Molecular Devices) and Softmax Pro v7 software
(Molecular Devices) in conjunction with the FLIPR Calcium 6 dye kit
(MolecularDevices). On the dayof the experiments, a cell count for the
Ramos cellswasperformedwith aGuavaMuseCell Analyzer (Luminex)
to ensure cell viability was greater than 95% and to calculate the

volume of cells needed for a concentration of 1 × 106 cells/mL. The
appropriate volume of cells was then pelleted at 1500 rpm for 5min
after which the supernatant was decanted and the cells were resus-
pended at a 2:1 ratio of RPMI media (Gibco) + FLIPR Calcium 6 dye
(Molecular Devices). The cells were plated in a clear, U-bottom 96-well
tissue culture plate (Costar) and incubated at 37°, 5% CO2 for 2 h.
Antigenswere separatelydiluteddown to a concentrationof 500nM in
50uL of the 2:1 ratio of RPMI media (Gibco) + FLIPR Calcium 6 dye
(Molecular Devices) and plated in a black, clear bottom 96-well plate.
The final concentration of antigen would be 250nM based on the
additional 50 uL of cells added during the assay. A positive control
stimulant, anti-human IgM F(ab’)2 (Jackson ImmunoResearch) was also
included in the antigen plate. Using the FlexStation 3 multi-mode
microplate reader (Molecular Devices), 50 µLof the cellswere added to
50 µL of protein or Anti-human IgM F(ab′)2 diluted in RPMI/dye and
continuously read for 5min. Calcium flux results were analyzed using
Microsoft Excel and GraphPad Prism v9. The relative fluorescence of a
blank well containing only the RPMI/dye mixture was used for back-
ground subtraction. Once subtracted, the antigen fluorescence was
then normalized with respect to the maximum signal of the IgM con-
trol, and calcium flux values were presented as a percentage (% of Anti-
hu IgM Fab2 Max). Calcium flux data are representative of at least 2
measurements for the DH270UCA3 cell line.

Generation of the DH270 IA4 mice
The DH270 IA4 mice were generated by integrating pre-rearranged
V(D)J exons of DH270 IA4 antibody heavy chain (HC) and light chain
(LC) (Supplementary Table 1) into the mouse immunoglobulin heavy
chain (IgH) JH and kappa light chain (Igk) Jk loci respectively. The
integration was performed in mouse embryonic stem (ES) cells. In the
integration construct, the DH270 IA4 HC or LC V(D)J exons were pre-
ceded by mouse VH promoter (for HC) or Vk promoter (for LC), which
drive the expression of V(D)J exons in B cells. The expression cassette,
which consists of the V promoter and V(D)J exon, were flanked by DNA
fragments that were derived from the mouse JH or Jk regions. Upon
transfection of the construct into ES cells, homologous recombination
mediates the integration of the DH270 IA4 V(D)J exons into the JH or Jk
loci. At the integration site, the DH270IA4 HC expression cassette
replaces the whole mouse JH region, from 877 bp upstream of JH1 to
237 bp downstream of JH4; the DH270 IA4 LC expression cassette
replaces the entire mouse Jk region, from 114 bp upstream of Jk1 to
286 bp downstream of Jk4. ES clones with correct integration events
were identified by Southern blotting. The neomycin resistance gene,
which was used to select for stable integration of the construct, was
subsequently removed by cre recombinases-mediated excision
through flanking loxP sites; this step is necessary to prevent potential
interference of local transcriptional regulation by the drug selection
marker. The final ES clone was injected into Rag2 deficient blastocysts
to generate chimeric mice. Because Rag2 is required for V(D)J
recombination, all B and T cells in the chimeric mice are derived from
injected ES cells, and the chimeric mice can therefore be used for
analysis of lymphocyte function. The chimericmicewere subsequently
bred with C57BL/6 mice for germline transmission. Since the original
ES cell was derived from an F1 mouse that resulted from a cross
between 129Sv andC57BL/6mice, themouse line is ofmixed 129Sv and
C57BL/6geneticbackground. To enumerateDH270.IA4-bearingB cells
in DH270.IA4 het/hetmice, we labeled splenocytes fromknock-inmice
with B cell tetramers comprising CH848DT SOSIP trimers and a panel
of mAbs to identify various B cell compartments. For comparisons, we
also labeled splenocytes from C57BL/6 and DH270.UCA3 het/het8.
DH270.IA4 knock-in mice exhibited similar signs of impaired B-cell
differentiation as DH270.UCA3 mice, including decreased numbers of
transitional and follicular B cells as compared to BL/6 mice, although
the reductions in cell numbers in DH270.IA4 mice were less dramatic
(Supplementary Fig. 32A, B). Notably, marginal zone and B1 B cell
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numbers were comparable across the three mouse strains. B cells
expressing knock-in BCRs were readily identified by co-labeling with
CH848DT B cell tetramers (Supplementary Fig. 32C), with
DH270.UCA3-bearing B cells representing ~6% of total B cells and
DH270.IA4-bearing B cells representing ~20% of total B cells (Supple-
mentary Fig. 32D). In bothDH270.UCA3 andDH270.IA4 knock-inmice,
the majority of CH848DT-labeled B cells exhibited the phenotype of
transitional B cells (Supplementary Fig. 32D), expressing CD93 and
IgM, but lacking expression of IgD and CD23 (Supplementary Fig. 32E),
consistent with previous observations of impaired B cell
development8. Preparation of mouse cells for flow cytometry: Spleens
from C57BL/6, DH270.UCA3 het/het, and DH270.IA4 het/het mice
were processed into single-cell suspensions and treated with ACK lysis
buffer to remove red blood cells. Splenocytes were suspended in PBS/
2%FBS. Fluorochrome-mAbs were prepared at optimized dilutions,
then added to cells (Supplementary Table 2). Splenocytes were co-
labeled with B cell tetramers comprising CH848DT SOSIP trimers
conjugated to two different fluors, VB515 and AF647. Cells were incu-
bated at 4 °C for 20min, then washed with PBS. Cells were resus-
pended in 100μL PBS containing Near-IR Live/Dead (ThermoFisher) at
1:1000, and incubated at room temperature for 20min. Cells were
washed in PBS/2%FBS, then resuspended in PBS/2% formaldehyde.
Cellswere analyzedon aBDLSRII (BDBiosciences). Datawereanalyzed
using FlowJo v10.7.1 (FlowJo).

Knock-in mouse immunizations
The CH235 UCA KI mouse model has been described previously8.
8–17 week old mice were used. 10 CH235 UCA KI mice were split into
two groups (N = 5 each group), with each group having at least one
mouse. The synthetic Toll-like receptor 7/8 agonist 3M-052 absorbed
to ALUM (3M-052-ALUM) was used as the adjuvant for the vaccine
immunogens. Mouse vaccination studies were performed intra-
muscularly with 3M052-ALUM adjuvanted N279 CE3 design or the
K279 CE3* design proteins. Vaccine immunogenswere administered at
25mcg and formulated with 0.5mcg of adjuvant. Mice were immu-
nized every 2weeks forfive times. Blood sampleswere collected 7 days
prior to the first immunization (pre-bleed) and 7 days after each
immunization. The DH270 IA4 KImice are described above. 8–17 week
old mice were used. 25 DH270 IA4 KI mice were split into two groups,
each group had at least one female mice. The synthetic Toll-like
receptor 7/8 agonist 3M-052 absorbed to ALUM (3M-052-ALUM) was
used as the adjuvant for the vaccine immunogens. Mouse vaccination
studies were performed intramuscularly with 3M052-ALUM adju-
vanted CH848-d949 construct (N = 12) or the DE3 design (N = 13) pro-
teins. Vaccine immunogens were administered at 17.5–25mcg and
formulated with 0.5mcg of adjuvant. Mice were immunized every
2 weeks for six times. Blood samples were collected 7 days prior to the
first immunization (pre-bleed) and 7 days after each immunization.
Necropsy was performed 1 week after the third immunization, and
blood, spleen, and lymphnodeswere collected. Allmicewerecared for
in a facility accredited by the AAALAC (Supplementary Data 3). All
study protocols and all veterinarian procedures were approved by the
Duke University IACUC. All roomswere on a 12/12 light cycle. Heat and
humidity were maintained within the parameters outlined in The
Guide for the Care and Use of Laboratory Animals, and animals were
fed a standard rodent diet. Rodents were housed in individually ven-
tilated micro-isolator caging on corn cob bedding.

Antibody isolation and production
Single antigen-specific B cells were sorted as previously described8.
Briefly, inguinal and axillary lymph nodes were processed into single-
cell suspensions and cryopreserved. Upon thawing, cells were counted
then stainedwithoptimal concentrations of the followingfluorophore-
antibody conjugations: BB700 anti-IgG1 (clone A85-1, BD Biosciences),
BB700 anti-IgG2a (clone R2-40, BD Biosciences), BB700 anti-IgG3

(cloneR40-82, BDBiosciences), PE anti-GL7 (cloneGL7, Biolegend), PE-
Cy7 anti-IgM (cloneR6-60.2, BD Biosciences), APC-R700 anti-CD19
(clone 1D3, BD Biosciences), BV510 anti-IgD (clone 11-26C.2a, BD
Biosciences), BV605 anti-IgK (clone 187.1, BD Biosciences), and BV650
anti-B220 (clone RA3-6B2, BD Biosciences). Cells were also labeled
with fluorophore-labeled CH848-d949 DT (10.17) in two colors (VB515
and Alexa Fluor 647). Dead cells were identified by labeling with LIVE/
DEAD Fixable Near I/R stain (Thermo Fisher Scientific). Class-switched
B cells were identified as single, viable lymphocytes that were
B220 +CD19 + IgM−IgD−IgG+; antigen-specific B cells were identified
as cells that co-labeled with CH848DT baits conjugated to VB515 and
AlexaFluor647. Single cells were sorted on a BD FACS AriaIIu running
DIVA version 8.0. Cells were sorted into cell lysis buffer and 5X first-
strand synthesis buffer in individual wells of a 96-well PCR plate. Plates
were frozen in a dry ice/ethanol bath immediately and stored at −80 °C
until reverse transcription of RNA. Immunoglobulin genes were
amplified from singly sorted antigen-specific B cells of DH270 IA4
knock-in mice by RT-PCR as previously described with some
modifications8,93,94. Briefly, immunoglobulin genes were reverse-
transcribed with Superscript III (Thermo Fisher Scientific, Waltham,
MA) using random hexamer oligonucleotides as primers. The com-
plementary DNAwas then used as template to performnested PCR for
amplification of antibody heavy and light chain genes using AmpliTaq
Gold 360 (Thermo Fisher Scientific, Waltham, MA). In parallel, PCR
reactionsweredonewithmouse immunoglobulin-specific primers and
DH270 variable region-specific primers. In one set of PCR reaction,
mouse variable region and mouse constant region primers were used
to amplifymouse heavy, kappa, and lambda chaingenes. In another set
of PCR reaction, human variable region and mouse constant region
primers were used to amplify heavy and lambda chain genes of the
knock-in DH270 IA4 and its derivates. Positive PCR amplification of
immunoglobulin genes was identified by gel electrophoresis. Positive
PCR products were purified in Biomek FX Laboratory Automation
Workstation (Beckman Coulter, Indianapolis, IN) and sequenced by
Sanger sequencing. Contigs of the PCR amplicon sequenceweremade,
and immunogenetics annotation was performed with software
Cloanalyst95 using both the human and mouse Ig gene libraries. Anti-
body genes were categorized as human ormouse based on the species
of the V gene with the highest identity to the antibody sequence. The
immunoglobulin gene amplicons were further used for protein
expression by generating linear expression cassette of each gene. The
linear expression cassettes were constructed by overlapping PCR to
place the PCR-amplified VH and VK/L chain genes under the control of
a CMV promoter along with heavy chain IgG1 constant region or light
chain constant region and a BGH ploy A signal sequence. The linear
expression cassettes of each paired heavy chain and light chain were
then co-transfected into 293T cells. The supernatant containing
recombinant antibodies were cleared of cells by centrifugation and
used for binding assays. The genes of selected heavy chains were
synthesized as IgG1 (GenScript). Kappa and lambda chains were syn-
thesized similarly. Plasmids with the cloning of synthesized antibody
genes were prepared using theMegaprep plasmid plus kit (Qiagen) for
transient transfection. The paired heavy and light chain plasmid DNA
was co-transfected into 293i cells using ExpiFectamine™ (Life Tech-
nologies, Carlsbad, CA) by following the manufacturer’s protocol.
Antibody proteins were purified from the cell culture supernatant by
protein A beads for binding, neutralization, and other immunological
assays.

Mammalian cell surface display of HIV-1 envelope
A site-saturation library was designed using CH848.3.D0949.10.17
gp140 with N133D and N138T substitutions (10.17DT) as a template8.
N133D and N138T substitutions were added to enable HIV-1 bnAb
DH270 inferred precursor binding8. The site-saturation envelope
library was synthesized (GenScript) to contain envelopes with a single

Article https://doi.org/10.1038/s41467-024-53120-9

Nature Communications |         (2024) 15:9503 16

https://www.google.com/search?q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKAbi_f6RdAAAA&sa=X&ved=2ahUKEwio9r-547ngAhUMd98KHXxWD5UQmxMoATAcegQIBBAL
https://www.google.com/search?q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKAbi_f6RdAAAA&sa=X&ved=2ahUKEwio9r-547ngAhUMd98KHXxWD5UQmxMoATAcegQIBBAL
https://www.google.com/search?q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKAbi_f6RdAAAA&sa=X&ved=2ahUKEwio9r-547ngAhUMd98KHXxWD5UQmxMoATAcegQIBBAL
www.nature.com/naturecommunications


substitution. The substitutions introduced could be any of the other 19
possible amino acids at any one positionwithin the gp120 subunit. The
stabilized, cleaved HIV-1 envelope gp140 was fused to a C-terminal c-
myc tag and HRV-3C cleavage site, followed by a platelet-derived
growth factor receptor transmembrane region that ensured cell sur-
face presentation of the envelope. The open reading frame encoding
the envelope librarywas cloned into themammalian expression vector
VRC8400 CMV/R.

Sixteen micrograms of CMV/R vector carrying HIV-1 SOSIP
library were co-transfected with 67 µg of carrier DNA (CMV/R vec-
tor) without the insert and 3.7 µg of plasmid coding Furin into
Freestyle 293F cells using a 293fectin Transfection Kit (Thermo
Scientific) according to manufacturer’s instruction. Cells were cul-
tured for 48 h with shaking at 120 rpm in an incubator filled with 8%
CO2 at 37 °C. Twenty million harvested transfected cells were
stained with 500 µl of 100 µg/ml DH270 UCA and 10 µg/ml chicken
anti-c-myc. DH270 UCA and anti-c-myc antibody binding were
detected with 500 µl of 10 µg/ml goat-anti-human PE (Sigma) and
10 µg/ml goat anti-chicken Alexa 647 respectively. In separate tubes,
two million cells were stained with 50 µl of the above antibodies for
analytical flow cytometry. Gates for sorting were set such that cells
that bound to DH270 with a higher fluorescence intensity than the
unmutated envelope (prototype) were sorted. RNA was then iso-
lated from sorted cells using PurelinkTMRNAmicro kit (Invitrogen).
RNAwas subjected to reverse transcription primed by CMVR-SOSIP-
rev (cacagcagatct tcatcagcggggctttttctg) using AccuScript Reverse
Transcriptase (Agilent) to generate cDNA. Double-stranded DNA
was amplified from cDNA with CMVR-SOSIP-fwd (gtcaccgtcgtc-
gacgccacc atggaaaccgatacactgct) and CMVR-SOSIP-rev using Her-
culase II Fusion DNA Polymerases (Agilent) and subcloned into
CMVR vector by SalI/BglII digestion and ligation. The resulting
constructs were transformed into electrocompetent DH10B using
electroporation followed by culture in 500mL of Luria broth.
Plasmid was then extracted for another round of transfection and
sorting. To get stronger binding envelopes, the selection stringency
was increased by decreasing the concentration of DH270 UCA used
to sort positive cells in each round. Sorted cells were sequenced by
PacBio long-read sequencing.

PacBio Sequencing of library variants. RT-PCR products from the
last cell sorting were purified using a gel-extraction kit (Qiaqen) and
sequenced using PacBio long-read sequencing. The frequency of
mutations at desired sites was calculated. DNA samples were quanti-
fied using Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA,
USA) and sample purity and integrity were checked using Nanodrop
and Agilent TapeStation, respectively. DNA library preparations,
sequencing reactions, and initial bioinformatics analysis were con-
ducted at Azenta Life Sciences (Formerly Genewiz) (South Plainfield,
NJ, USA). Following slow annealing, PacBio SMRTbell amplicon librar-
ies for PacBio Sequel were constructed using SMRTbell Express Tem-
plate Prep Kit 2.0 (PacBio, Menlo Park, CA, USA) using the
manufacturer-recommended protocol. The pooled library was
bound to polymerase using the Sequel Binding Kit 3.0 (PacBio) and
loaded onto PacBio Sequel using Sequel Sequencing Kit 3.0. Sequen-
cing was performed on the required PacBio Sequel SMRT cells. The
generated subreadsweredemultiplexed and clustered. LongAmplicon
reads were obtained using PacBio laa pblaa v2.4.2 with default para-
meters. The generated subreads were demultiplexed and aligned to
the reference sequence using the PacBio software pbmm2. Variant
calling was performed using the PacBio software variantCaller arrow
using default parameters. Variants that passed the default filters were
parsed into a filtered vcf file for each sample. The substitutions
observed in the most abundant variants were introduced into soluble
HIV-1 envelope for characterization.

HIV-1 neutralization assays
Neutralizing antibody assays were performed with HIV-1 Env-pseudo-
typed viruses and TZM-bl cells (NIH AIDS Research and Reference
Reagent Program contributed by John Kappes and Xiaoyun Wu) as
described previously96,97. Neutralization titers are the reciprocal sam-
ple dilution (for serum) or antibody concentration in µg/mL (formAbs)
at which relative luminescence units (RLU) were reduced by 80% or
50% (ID80/IC80 and ID50/IC50 respectively) compared to RLU in virus
control wells after subtraction of background RLU in cell only control
wells. Serum samples were heat-inactivated at 56 °C for 30min prior
to assay.

Next generation sequencing of mouse B cell receptor
repertoires
We performed NGS on mouse antibody heavy and light chain variable
genes using an Illumina sequencing platform. RNA was purified from
splenocytes using the RNeasy Mini Kit (Qiagen, Cat# 74104). Purified
RNA was quantified via Nanodrop (Thermo Fisher Scientific) and used
to generate Illumina-ready heavy and light chain sequencing libraries
using the SMARTer Mouse BCR IgG H/K/L Profiling Kit (Takara, Cat#
634422). Briefly, 1μg of total purified RNA from splenocytes was used
for reverse transcription with Poly dT provided in the SMARTerMouse
BCR kit for cDNA synthesis. Heavy and light chain genes were then
separately amplified using a 5′ RACE approach with reverse primers
that anneal in themouse IgG constant region for heavy chaingenes and
IgK for the light chain genes (SMARTerMouse BCR IgGH/K/L Profiling
Kit). The DH270 IA4 KI mousemodel has the light chain gene knocked
into the kappa locus, therefore kappa primers provided in the SMAR-
Ter Mouse BCR kit were used for light chain gene library preparation.
5 µl of cDNA was used for heavy and light chain gene amplification via
two rounds of PCR (18 and 12 cycles per round). During the second
round of PCR, Illumina adapters and indexes were added. Illumina-
ready sequencing libraries were then purified and size-selected by
AMPure XP (Beckman Coulter, Cat# A63881) using kit recommenda-
tions. The heavy and light chain libraries per mouse were indexed
separately, thus allowing us to deconvolute the mouse-specific
sequences during analysis. Libraries were quantified using QuBit
Fluorometer (Thermo Fisher). Mice were pooled by groups for
sequencing on the IlluminaMiSeq Reagent Kit v3 (600 cycle) (Illumina,
Cat#MS-102-3003) using read lengths of 301/301. 20%PhiXwas spiked
in to increase sequence diversity of the libraries due to the pre-
dominance of the antibody knockin-derived reads in the repertoires.

Annotation of antibody sequences with immunogenetic
information, clonal clustering, and clonal tree reconstruction
were performed using the software Cloanalyst (https://www.bu.
edu/computationalimmunology/research/software/). Due to vari-
able recovery rates of heavy and light chain reads using the bulk
single chain NGS sequencing of mouse BCR repertoires and the
depth required for sufficient statistics for analysis of rare muta-
tional events, mouse repertoires that had <1000 unique and
functional bnAb UCA knock-in derived reads recovered were
excluded from the data analysis. Functional heavy and light
chains were defined by the presence of required immunogenetic
characteristics as determined by Clonanalyst including: V gene
regions of at least 200 base pairs in length, presence of invariant
cysteines, and tryptophan (heavy) or phenylalanine (light), CDR3s
in reading frame 1, non-zero CDR3 length, and absence of stop
codons. Reported mutation frequencies were calculated at the
nucleotide level from the beginning of the antibody sequence
through the invariant cysteine codon that precedes CDR3. Ana-
lysis of the probability of mutations was performed using the
computational program ARMADiLLO as previously described3,8

(Supplementary Figs. 33–35).
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM reconstruction and atomic model data generated in this
study have been deposited in the wwPDB and EMBD databases (www.
rcsb.org; http://emsearch.rutgers.edu) under accession codes: PDB IDs
8VGV https://doi.org/10.2210/pdb8VGV/pdb, 8VGW https://doi.org/
10.2210/pdb8VGW/pdb, 8VH1 https://doi.org/10.2210/pdb8VH1/pdb,
8VH2 https://doi.org/10.2210/pdb8VH2/pdb, 8VH3 https://doi.org/10.
2210/pdb8VH3/pdb, and EMD IDs EMD-43225, EMD-43228, EMD-
43231, EMD-43232, EMD-43233. Previously published structures used
in this study include 6UM6 https://doi.org/10.2210/pdb6UM6/pdb,
6UDA https://doi.org/10.2210/pdb6UDA/pdb, 5TQA https://doi.org/
10.2210/pdb5TQA/pdb, 3TGT https://doi.org/10.2210/pdb3TGT/pdb,
and 5F96 https://doi.org/10.2210/pdb5F96/pdb. The molecular
dynamics trajectories generated in this study have been deposited in
FigShare https://doi.org/10.25452/figshare.plus.26841427. Source data
are provided as a Source Data file. Source data are provided with
this paper.
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