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SUMMARY

Broadly neutralizing antibodies (0NAbs) against HIV can reduce viral transmission in humans,
but an effective therapeutic will require unusually high breadth and potency of neutralization.

We employ the OSPREY computational protein design software to engineer variants of two
apex-directed bNAbs, PGT145 and PGORSH, resulting in increases in potency of over 100-fold
against some viruses. The top designed variants improve neutralization breadth from 39% to 54%
at clinically relevant concentrations (ICgp < 1 ug/mL) and improve median potency (ICgg) by up to
4-fold over a cross-clade panel of 208 strains. To investigate the mechanisms of improvement, we
determine cryoelectron microscopy structures of each variant in complex with the HIV envelope
trimer. Surprisingly, we find the largest increases in breadth to be a result of optimizing side-chain
interactions with highly variable epitope residues. These results provide insight into mechanisms
of neutralization breadth and inform strategies for antibody design and improvement.
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Design improved antiHIV antibedies using OSPREY

Praudovirus Panel

Cryo-EM structures reveal mechanisms of improved teeadth and potency

Broadly neutralizing antibodies against HIV are promising therapeutics and targets for vaccine
elicitation. Using the OSPREY design software, Holt et al. design antibody variants with improved
breadth and potency of virus neutralization. They solve bound structures for these variants and
provide insight into mechanisms of breadth and potency.

INTRODUCTION

Broad and potent antibodies against HIV-1 show therapeutic promise for preventing viral
transmission or infectionl~4 and have been shown to suppress viremia in humans.>-8 The
HIV-1 envelope (Env) apex, comprised of variable loops V1 and V2, is a common target
site for anti-HIV-1 broadly neutralizing antibodies (bNAbs)®-11 despite the high antigen
sequence variation at the V1V2 region2 and the presence of a protective glycan shield.13.14
These bNAbs form an important category®16 that contains the PG917-21 and PGT14522-26
antibody classes, members of which (e.g., PGDM140023) are among the broadest and

most potent HIV-1 NAbs thus far identified. Their utility as therapeutics or for prevention,
however, would be improved if their potency and breadth were increased. Recent clinical
data suggest an /in vitro 1Cgq of <1 ug/mL for viral strains (measured by TZM-bl assay) to be
associated with prevention of transmission in humans.8

Extensive structural characterization of bNADb lineages has suggested that breadth of
neutralization is conferred by favorable interactions with conserved epitope features. Both
the eponymous PG917:18 and PGT14522:24.25 monoclonal antibodies achieve neutralization
breadth by targeting conserved structural features on the Env apex.1”:2” PG9 uses its long,
axe-like CDRH3 loop to form hydrogen bonds with the C strand of the Env V2 region in a
parallel beta-strand conformation and also to interact productively with several apex glycans,

Cell Rep. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holt et al.

Page 3

including those at Env residues N160, N156, and, in some cases, N173.17 The beta-strand
interaction allows PG9 to maintain favorable contacts with the V2 region despite variation
in Env side-chain identities. We previously28 improved the potency of PG9 by incorporating
mutations from the related PG16 antibody to improve interactions with hybrid-type glycans
at N173, yielding the antibody PG9-16-RSH (herein, PGORSH). PGT145 uses its long,
needlelike CDRH3 loop to insert sulfated tyrosines into the Env apex hole24:25 to contact
sites of conserved positive charge, both on the C strand and deeper beneath the surface of
the Envtrimer.20.24.25 These strategies contrast with those used by members of the VRC38
class of antibodies (a member of the same V1V2 bNAb category), which rely on specific
V2 C-strand side-chain interactions to neutralize HIV and, perhaps as a result, exhibit much
narrower breadth of neutralization.29

The relationship between breadth and potency of neutralization is of considerable interest
for antibody design. Although some studies have indicated that improving neutralization
against a single antigen can lead to improved neutralization breadth,1-30-32 other evidence
suggests the existence of a tradeoff between breadth and potency.33:34 Exploration of this
relationship from a structural perspective is made more challenging by the relative scarcity
of high-resolution structure information compared with the extreme antigenic diversity of
targets like HIV. One reasonable hypothesis is that concomitant increases in potency and
breadth require designing improved interactions with conserved antigen residues.

Methods for improving breadth and potency of antibodies against various targets including
HIV-1, dengue, influenza, and severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) have included affinity maturation,30-3% structure-based i silico design,32:36.37
sequence-based in silico design,38 and hybrid approaches.1:28:39.40 previously, we have
proposed a knockin humanized mouse model,*! surface matrix screening,*? and a structure-
based matrix method“3 to yield improved antibodies. /n silico methods are attractive due

to their ability to find improved variants without huge experimental effort and have found
success in improving both breadth and potency of neutralization. Researchers have improved
the breath and potency of cross-reactive anti-dengue,38 cross-reactive anti-influenza,3’ and
anti-HIV-132 antibodies using computational strategies. Hybrid methods that include /n
silico design have also achieved remarkable improvements.!

In this work, we design the PGORSH and PGT145 anti-HIV-1 bNAbs for improved

potency and breadth using our computational protein design software OSPREY.** We use
predicted potency for the BG505 strain as a proxy for predicted neutralization breadth, and
we computationally optimize interactions with both conserved and non-conserved epitope
residues. We present and characterize three bNAb single-mutation variants, compare them
with both wild-type (PG9RSH and PGT145) and best-in-class (PGDM21400) antibodies, and
observe measured improvements in breadth or potency relative to wild type. One of these
three point mutations has been previously characterized in PG9 but not in PGORSH.32 We
determine cryoelectron microscopy (cryo-EM) structures for these three designed variants to
provide atomic-level insight into increases in breadth and potency. The largest improvements
in median potency (x 3-fold I1Csg, ~ 4-fold I1Cgq) occurred for PGORSH variant DU025,
which achieves neutralization breadth and potency rivaling that of the best-in-class antibody
PGDM1400. Surprisingly, we find that the largest improvements in breadth occurred for
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a variant that optimizes interactions with variable epitope residues. This variant, PGT145
DU303, lost subtype potency for clade B but nonetheless improved overall breadth of
neutralization from 39% (wild type) to 54% at clinically relevant concentrations (ICgp < 1
ug/mL). For this designed antibody, we observed increases in potency of >100-fold for six
pseudoviruses across five clades. Moreover, the median improvement in 1Cgq (across 208
strains) was over 3-fold.

RESULTS

OSPREY predicts mutations with improved affinity for PGT145 and PG9RSH

We used OSPREY to design variants of the PGT145 and PG9 antibodies using structures
of each antibody bound to the BG505 SOSIP Env trimer (PDB: 5U1F, 5VJ6). We predicted
the effect of antibody mutations on antigen-binding affinity by computing A*scores?>-48
for both wild-type and mutant antibodies at 9 positions (Table S1), pruning or computing
scores for approximately 14,000 sequences. An increase in score relative to wild type
predicts an increase in Ky, i.e., improved binding. In general, antibody binding affinity for
the Env spike correlates well with neutralization potency.#® These designs predicted that
PGT145 N(1001)D (variant DU303), PGIRSH N(100f)Y, and PGIRSH Y (100k)D (variant
DU025), among other substitutions, would improve the neutralization potency of PGT145
and PGORSH.

Double-mutation designs of PGT145 at residues F(100d) and N(100I) predicted that
negatively charged substitutions at position 1001 would improve binding affinity (Figure

S1; Table S2). To avoid destabilization of the antibody CDRH3 conformation, sequences

for which the lower bound on the partition function for the antibody state (Zay, ) was less
than 10177 were excluded from consideration. Mutations N(1001)D, F(100d)H/N(1001)D,
and N(100I)E were all predicted to increase the K*score. Notably, these substitutions

place a negatively charged side chain at residue 100I, perhaps leveraging proximity to the
(generally) positively charged Env residues 166 and 169 (see Figure 3C). Additional designs
of PGT145 are discussed in Document S2.

A single-residue design of PGORSH at residue N(100f) predicted that substitutions to Trp,
Met, Tyr, His, or Phe would improve binding affinity (Figure S2A; Table S3). The mutation
N(100f)Y was discovered previously and was shown to improve breadth and potency of
neutralization in PG9.59 An additional single-residue design of PGORSH at residue Y (100k)
predicted that large or negatively charged substitutions (Trp, Asp, or Glu) would improve
binding affinity (Figure S2B; Table S4). Additional designs of PGORSH are discussed in
Document S2.

Neutralization assessment reveals improvements in breadth and potency

Based on these designs, we selected 10 and 34 variants of antibodies PGT145 and PG9RSH,
respectively, for small-panel neutralization assays (Tables S5 and S6; Data S1). These
variants were selected by prioritizing variants with high K*scores and (to a lesser extent)
high unbound-state partition functions,! and in some cases, promising mutations from
different designs were combined. We then selected variants DU303 (PGT145 N(1001)D),
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PG9RSH N(100f)Y, and DU025 (PGI9RSH Y (100k)D) for assay against a large panel of 208
pseudoviruses to further characterize their potency and breadth of neutralization (Data S2).
These variants were selected based on the number of pseudoviruses neutralized with an I1Cgq
<50 pg/mL, the median 1Cgq value, the number of pseudoviruses neutralized with an ICgg <
50 pg/mL, and the median 1Cgq value (listed in order of importance). For example, variants
N(100f)Y and DUOQ17 were selected over DU014 because DU014 performs comparatively
poorly as measured by 1Cgq. Although its ICsq neutralization breadth appears to be greater,
the additional neutralized virus is neutralized relatively poorly (ICsg = 36.1 ug/mL) and
disappears when measured using 1Cgq. Furthermore, the median ICsg and 1Cgq values

of DUO014 are greater than for N(100f)Y (less potent). Additionally, the sequence and
neutralization diversity of the set of variants to be characterized was considered. DU303,
DU025, and PGORSH N(100f)Y improved over wild-type activity in both breadth and
potency of neutralization, although PGORSH N(100f)Y achieved only small increases in
breadth.

DU303 neutralized more pseudovirus strains with higher potency (Figure 1A). DU303
increased neutralization potency against the BG505 strain by 3- and 25-fold as measured by
ICsq and ICgy, respectively: ICsq decreased from 0.010 to 0.003 pug/mL, and 1Cgq decreased
from 0.253 to0 0.010 pug/mL (Data S2). Median neutralization potency across the large panel
increased by 2- and 3-fold (IC5q and 1Cgp): median 1Cgq decreased from 0.053 to 0.024
ug/mL, and median 1Cgq decreased from 0.276 to 0.090 pug/mL (Tables S7 and S8). DU303
improved neutralization breadth relative to PGT145: the percentage of tested pseudoviruses
with measurable neutralization (ICgg < 50ug/mL) increased from 75% to 79% (Table S7).
Interestingly, the improvement in breadth relative to PGT145 was more pronounced when
evaluated at a cutoff with clinical relevance®: the percentage of viruses neutralized with 1Cg
<1 pg/mL increased from 39% to 54% (Table S8).

PG9RSH N(100f)Y increased median potency of neutralization but only slightly increased
breadth (Figure 1B). PGORSH N(100f) Y increased neutralization potency against the
BG505 strain by 2.8-fold as measured by 1Cgq but showed no appreciable change in ICsgp:
ICgq decreased from 0.065 to 0.023 pug/mL, and 1Cgy remained at 0.009 pg/mL (Data

S2). Median neutralization potency across the large panel increased by 1.9- and 2.6-fold
(ICsq and ICgq): median ICsq decreased from 0.047 to 0.025 pg/mL, and median ICgq
decreased from 0.227 to 0.086 ug/mL (Tables S7 and S8). PGORSH N(100f)Y slightly
improved neutralization breadth relative to PGORSH: the percentage of tested pseudoviruses
with measurable neutralization (ICgg < 50 ug/mL) increased from 81% to 83% (Table S7).
However, the improvement in breadth relative to PGORSH was larger when evaluated for
pseudoviruses neutralized with an 1Cgg < 1 pg/mL.: breadth increased from 53% to 62%
(Table S8).

DU025 increased potency and breadth of neutralization (Figure 1B), and the resulting
breadth-potency plot is qualitatively similar to that for the best-in-class PGDM1400
antibody (Figure 1C). DUO025 increased neutralization potency against the BG505 strain

by 2.2- and 6.5-fold as measured by I1Cgq and 1Cgg, respectively: 1Csq decreased from 0.009
to 0.004 pg/mL, and 1Cgq decreased from 0.065 to 0.010 pg/mL. Median neutralization
potency across the large panel increased by 2.7- and 3.9-fold (IC5q and 1Cgp): median
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ICsq decreased from 0.047 to 0.017 ug/mL, and median 1Cgq decreased from 0.227 to
0.058 pg/mL (Tables S7 and S8). DU025 also improved neutralization breadth relative to
PG9RSH: the percentage of tested pseudoviruses with measurable neutralization (1C5q < 50
pg/mL) increased from 81% to 87% (Table S7). Again, the improvement in breadth relative
to PGORSH was larger when evaluated at the clinically relevant cutoff of ICgg < 1 pg/mL.:
breadth increased from 53% to 63% (Table S8). While the mean and median potencies for
DU025 remained slightly weaker than for PGDM1400, overall, the breadth and potency of
DUO025 rivaled that of best-in-class antibodies.

Strains with positively charged side chains at Env residue 169 are neutralized more
potently by DU303

To further characterize the changes in neutralization activity for variant antibodies relative to
PGT145 and PGORSH, we computed the fold decrease in 1Cgq for each tested pseudovirus
(Figure S4). We observed increases in potency of >100-fold for seven virus-antibody pairs
across five clades, including 988-, 643-, and 228-fold improvements in 1Csq for strains
CAP256.206.C9, 16936-2.21, and CH038.12, respectively (Table S9). Analysis revealed

a wide distribution of improvements in neutralization for DU303, with populations of
strains with either slightly reduced or greatly improved neutralization. Conversely, both
PG9RSH N(100f)Y and DUO025 were characterized by a narrow distribution of fold decrease
in 1C5q over tested pseudoviruses. The largest fold decrease in 1C5y for DU303 was 988-
fold, occurring for the clade C pseudovirus CAP256.206.C9. The largest improvements

in neutralization for PGO9RSH N(100f)Y and DU025 were 63- and 110-fold, respectively,
both occurring for the clade C pseudovirus ZM233.6. Examination of the fold change in
neutralization by clade (Figures S5A, S6, and S7C) revealed the improvements in breadth
and potency for DU303 to be non-uniform: marked improvements are evident for clades
C/BC, A/AD, and D/CD, but decreases in neutralization occurred for clade B. On the

other hand, the same analysis for both PGORSH N(100f)Y (Figures S5B, S6, and S7A)

and DU025 (Figures S5C, S6, and S7B) revealed most clades to show slight increases in
neutralization with no clear pattern of decreased neutralization.

A gradient-boosted trees classifier predicted the changes in neutralization of pseudoviruses
between wild-type PGT145 and DU303 and indicated these changes to be associated with
the amino acid identity at Env residue 169. To investigate Env sequence features that

may explain changes in neutralization for DU303, PGORSH N(100f)Y, and DUOQ25 relative
to their ancestors, we trained gradient-boosting tree models (similar to the approach in
Rawi et al.52) to predict the sign of the change in neutralization for each variant based

on pseudovirus Env sequences. Models were evaluated using repeated 10-fold nested cross-
validation (Table S10; Figure S8). The model for DU303 performed well, with a mean area
under the curve (AUC) of 0:807 + 0:128, but models for PGORSH N(100f)Y and DU025
performed poorly, with mean AUCs of 0:521 + 0:134 and 0:571 + 0:134, respectively. To
identify residues on Env that were important for the improved neutralization of DU303,

we evaluated the permutation importance (P1)>3 of Env residues. K169 and R169 were the
important (Pl > 0.05) features that were associated with an increase in neutralization for
DU303 relative to PGT145 (Figure S9). Separating the large-panel data by residue identity
at Env residue 169 revealed two distinct populations of viruses (Figure S10): Viruses with
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a positively charged residue at Env residue 169 were more potently neutralized by DU303
than by PGT145, while viruses without a positively charged residue at this position were less
potently neutralized by DU303. We propose a structural mechanism for this observation in
Document S2 supported by homology modeling.

Cryo-EM structures of BG505 DS-SOSIP.664 bound by DU303, PGO9RSH N(100f)Y, and
DU025 reveal improved side-chain interactions

We solved cryo-EM structures of PGT145 variant DU303, PGORSH N(100f)Y, and
PGO9RSH variant DU025 in complex with the BG505 DS-SOSIP.664 Env trimer (Figure
2). Three-dimensional reconstructions yielded resolutions of 3.58, 3.40, and 3.75 A ,
respectively (Table S11), and local resolutions ranged between 3 and 9.3, 2.7 and 6.3, and
3.18 and 7.5 A, respectively (Figures S11-S13). The trimer apex and antibody CDRH3
loop were well resolved in all cases and indicated binding modes consistent with previous
structures of PGT145 and PGORSH (Figure 2). These structures revealed details for key
interactions between the HIV Env apex and the DU303, PGORSH N(100f)Y, and DU025
variant antibodies. An extended structural analysis can be found in Document S2.

DU303 improves side-chain interactions with HIV Env residues 166 and 169 by introducing
the N(1001)D mutation. Cryo-EM maps show well-resolved electron density for gp120
residues R166 and K169 but reveal ambiguity in the precise side-chain placements of
residues D(100I) and F(100d) (Figure S14). The atomic model of DU303 indicates that
D(100I) could form electrostatic interactions with gp120 residues R166 and K169: the side-
chain nitrogen of K169 lies 5.1 A from a side-chain carboxyl oxygen of D(1001) (Figure
3D). Similarly, one of the side-chain nitrogens of R166 lies 4 A from a side-chain carboxyl
oxygen of D(100I). The position of these side chains suggests that the negatively charged
D(100I) forms favorable interactions with positively charged residues on gp120 to improve
breadth and potency of neutralization.

PG9RSH N(100f)Y improves side-chain interactions with Env residue 168. Electron density
maps show well-resolved density for gp120 residues D167, K168, and K169, along with

the first two N-acetylglucosamine (GIcNACc) sugars of gp120 glycan N160 (Figure S15A).
Density corresponding to bNADb residues is more ambiguous: peaks between the modeled
side-chain locations of residues Y (100f) and Y (100a) suggest the presence of alternate
rotamer configurations. Examination of low-density peaks (0.5 o) reveals a small peak

in density of the second GIcNAc of glycan N160 near the modeled location of Y (100f),
suggesting interactions between Y (100f) and the glycan shield (Figure S15B). The atomic
model of PGORSH N(100f)Y fit to the density map indicates that the primary interaction
between Y (100f) and gp120 is a r-cation interaction with residue K168 (Figure 3E). The
ammonium nitrogen of K168 lies 4.7 A from the center of the Y (100f) 1t system, and the
angle between the distance vector and the ring normal vector is approximately 20°, which is
representative of typical rt-cation geometry.>* Y(100f) also forms van der Waals interactions
with antibody residues P99, Y (100a), and TYS(100h). The side-chain geometry suggests
that the aromatic Y (100f) side chain participates in a rt-cation interaction with the positively
charged K168 to improve potency of neutralization.
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DU025 may improve long-range side-chain interactions or glycan interactions by
introducing the Y (100k)D mutation. The electron density around the side chains of D(100k),
Q170, K305, and Y173 are well resolved, along with the core of glycan N156 (Figure
S16A). Interestingly, three unassigned density peaks arise in the groove between the V2

and V3 loops at both 1.2 and 3 o, which could indicate the presence of solvent at

this interface (Figure S16B). Furthermore, a bridge of density at 1 o arises between

the modeled locations of Env residues Q170 and R308, hinting at long-range or solvent-
mediated interactions. These data suggest that residue D(100k) may form long-range or
solvent-mediated interactions with residues Q170 and K305, which lie at distances of 4.1
and 6.8 A, respectively, in the atomic model.

OSPREY predictions are validated by cryo-EM structures

OSPREY designs of antibody variants correctly predicted side-chain interactions. For
DU303, predicted interaction distances between D(1001) and K169 and R169 in the
OSPREY low-energy ensemble (LEE) differed by at most one angstrom from distances

in the experimental model (Figures 3A and 3D). The side-chain orientations of this system
were qualitatively similar between the LEE and the experimental model, indicating that
OSPREY correctly predicted the structural consequences of the N(1001) D substitution.

For PGORSH N(100f)Y, side-chain locations in the LEE were qualitatively similar to

those in the experimental model (Figures 3B and 3E). Interestingly, multiple rotamers of

Y (100f) and Y (100a) appeared in the LEE, resulting in a conformation in which these

side chains have rotated and stacked. The overall correspondence between the LEE and the
experimental model indicated that OSPREY correctly predicted the structural consequences
of the N(100f)Y substitution. Designs of DU025 predicted interactions with Q170 and R308,
but differences in loop backbone conformation resulted in a change of environment near
residue 100k. As a result, although the design ensemble correctly predicted that D(100k)
creates long-range electrostatic interactions and correctly predicted a favorable interaction
with Q170 (Figures 3C and 3F), the predicted interaction between D(100k) and R308 is

not supported by the cryo-EM structure. Instead, shifts in the backbone create interactions
between D(100k) and K305. However, the overall quality and type of interactions formed by
D(100Kk) in the design ensemble were in fact consistent with the experimental structure. For
an extended analysis of structural correspondence between the LEE and cryo-EM structures,
see Document S2.

DISCUSSION

In this work, we tested our ability to redesign apex-directed anti-HIV bNAbs for improved
neutralization breadth using the OSPREY protein design software. ldeally, to model
structural variation, we would incorporate high-resolution co-crystal structures of bNAb:Env
complexes from all tested strains into the design process, but such structures are scarce

and difficult to obtain. In fact, at the time of design, the BG505 strain was the only

HIV genotype represented in experimental structures of PGT145 and PG9 complexed with
trimeric Env. Additionally, complex structures for poorly neutralized strains may be difficult
to solve due to affinity issues. Previous studies indicated that improving neutralization
potency against a single virus strain, either by affinity maturation3? or by design,1-31.32
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can result in improved neutralization breadth. Therefore, we used the predicted affinity for
the BG505 DS-SOSIP.664 trimer as a proxy for neutralization breadth during the design
process. Assessment on a panel of 208 Env pseudoviruses indicated that three designed
variants exhibited improved neutralization breadth and potency. We solved structures

of these three variants bound to the BG505 DS-SOSIP.664 trimer to investigate the
mechanisms of improved neutralization potency. We additionally investigated relationships
between Env epitope residue characteristics and neutralization potency to draw conclusions
about mechanisms of improved breadth. Surprisingly, mutations that optimized interactions
with variable epitope residues resulted in the largest improvements in breadth.

Single mutations improve antibody neutralization of BG505

Experimental characterization of bNAb variants showed that DU303, PGORSH N(100f)Y,
and DUO025 improved or maintained neutralization potency for the BG505 pseudovirus,
with the most notable improvements observed by 1Cgy measurements. Cryo-EM structures
of each variant bound to the BG505 trimer indicate that OSPREY designs improved
side-chain interactions. The PGT145 N(1001)D mutation (DU303) improved electrostatic
interactions with the Env apex residues R166 and K169, improving charge complementarity.
The PGIRSH N(100f)Y substitution created a p-cation interaction with Env residue K168
and may also interact with glycan N160. Improved stability of the CDRH3 loop has also
been suggested for this mutation.32 Finally, the PGORSH Y (100k)D mutation (DU025)
improved side-chain interactions with the polar Env residue Q170 and glycan N156. The
interface around residue D(100k) is difficult to resolve, which may be indicative of a mobile
or solvent-accessible environment. Unassigned electron-density peaks suggest that D(100k)
may also form solvent-mediated interactions with K305 and perhaps even R308. All three
designs were successful in improving neutralization potency against BG505 by optimizing
side-chain interactions. The general correspondence between OSPREY-generated design
ensembles and cryo-EM structures also indicated that our algorithms accurately modeled
both environment and side-chain interactions at the PGO9RSH and PGT145 epitopes. This

is interesting given the low resolution of the design input structures and may be due to the
fact that our algorithms are more sensitive to the input backbone conformation than the side
chains, which are more difficult to resolve experimentally.

bNADb variants show different patterns of improvement in neutralization breadth

The three best antibody variants improved neutralization breadth across a panel of 208 HIV
pseudoviruses but differed in the pattern and extent of change in breadth. DU303 improved
neutralization for most clades but sacrificed some subtype potency for clade B. PGORSH
N(100f)Y and DUQ25, on the other hand, increased neutralization in a relatively uniform
manner across all clades. Interestingly, DU303 and DU025 improved overall breadth to a
greater extent despite relatively low conservation of their Env epitope residues. Conversely,
PG9RSH N(100f)Y resulted in smaller improvements despite the high conservation of Env
residues that interact with the mutated antibody residue 100f (Figure S17).

PGT145 DU303 improved breadth by improving potency against “sensitive” strains
containing a lysine or arginine at residue 169 while slightly decreasing potency against
“resistant” strains with different substitutions at this epitope residue. Sensitive strains were
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more potently neutralized by ~ 5-fold (geometric mean), while resistant strains were less
potently neutralized by ~ 2-fold (Figure S10). Because the effect of improving neutralization
against sensitive strains was larger than the effect of decreasing neutralization against
resistant strains, and because there were more sensitive strains than resistant strains, the
aggregate effect of the N(1001)D substitution was a gain of breadth and potency. These
observations explain the loss of subtype potency for clade B, in which Env residue 169

is predominantly hydrophobic (valine, methionine) and unlikely to interact favorably with
D(100I).

PG9RSH DUO025 improved breadth of neutralization by improving interactions with variable
residues on the Env V2 and V3 loops and with the conserved glycan N156. Analysis across
a large panel of pseudoviruses revealed no major decreases in subtype potency, despite the
relative variability of the epitope residues in proximity to residue D(100k) (Figure S17).
This could indicate that the Y(100k)D mutation improves breadth by improving interactions
with the conserved glycan N156 or by improving interactions with the variable Env residues
170 and 305 in a manner that is tolerant of variation. Most panel strains have polar or
charged residues at Env positions 170 (Q, K, or R) and 305 (K, R, or T), and it is possible
that D(100k) interacts favorably with any of these amino acids, especially if interactions
were to be solvent mediated.

PG9RSH N(100f)Y slightly improved breadth of neutralization by improving interactions
with Env residue 168 and glycan N160. Overall, the slight improvement in breadth did not
appear to sacrifice subtype potency, likely because the N(100f)Y substitution interacts with
highly conserved Env features. The improvement in breadth was small relative to DU303
or DUO025, suggesting that these interactions may already be highly optimized in parent
PGIRSH.

Improvements in breadth did not require residue conservation

These examples confirm previous observations!:39-32 that antibody neutralization breadth
can be increased by improving potency for a single “design antigen.” One intuitive
explanation for this phenomenon is that the design antigen contains residues that are
conserved across the entire antigen population. However, for our designs, epitope residue
conservation did not appear to be critical for improving breadth. At least one variant
(DU303) optimized interactions with epitope residues that were among the least conserved
across the 208-strain test panel. Another (DU025) interacts with an epitope containing a
conserved glycan, but structures suggest interactions with multiple non-conserved residues.

There are several possible explanations for increased breadth without epitope-residue
conservation. First, the energetic benefit for strains with residues that match the BG505
sequence could be larger than the energetic cost for strains that do not match. For

example, for DU303, strains containing Env K169 (like BG505) have improved electrostatic
interactions with antibody residue D(100k). Although strains with Env V169 would not
realize the same energetic benefit, they would be unlikely to suffer from large steric clashes
because of the smaller size of valine relative to lysine. As a result, optimizing for design
antigen residues would improve overall breadth, even though they are non-conserved. If this
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is correct, we would expect improvements in breadth to be less likely to occur when the
design antigen contains small epitope residues at a design site.

Second, the presence of long-range, possibly solvent-mediated interactions in these designs
could allow for favorable energetic interactions with multiple amino acids at epitope sites.
As a result, the local chemical environment around design residues could be more conserved
than the epitope amino acid identity. In this case, we would expect improvements in breadth
to be less likely to occur when optimizing close-range interactions with the design antigen.

Finally, it is possible that natural selection has already optimized interactions with highly
conserved residues. The difference between Env residue identity distributions for donor
virus populations and test panels depends in part on residue conservation. If natural
selection is effectively optimizing antibody residues for donor virus populations, we would
expect improvements in test panel neutralization breadth to be larger or more likely

when optimizing interactions with non-conserved epitope residues. Further research will
be necessary to evaluate these hypotheses.

Comparison to previous work

Various other methods for computational antibody design have been proposed and
implemented. Hybrid knowledge-based and computational-structure-based design methods
like RAbD,5®> OptCDR®® and OptMAVER,>":58 and abDesign®® graft experimentally
determined CDR loop backbone structures, then use computational structure-based design
to optimize loop sequences. However, these approaches are likely most useful for de novo
antibody design, and the variability of antibody CDRH3 loops makes these approaches
suboptimal for antibodies that rely heavily on CDRH3 contacts for neutralization®® such
as PGORSH or PGT145. Deep learning approaches®? have been shown to model loops
more effectively than some grafting methods. Straightforward applications of general
protein design frameworks or algorithms like Rosetta3? or variants of dead-end elimination
or A*36 have also been used to design antibodies in a more conservative manner. In

some cases, modifications are necessary: Tidor and co-workers found that relying on
electrostatic interactions improved the performance of their algorithms.36 Our approach—
a straightforward application of OSPREY—is most similar to these latter works, although
unlike the designs using Rosetta,32 our algorithms provably return optimal sequences and
structures with respect to the input model. Finally, some approaches explicitly use multistate
design to optimize for neutralization across a wide panel of antigens.37:61 However, this
requires either a varied set of experimentally determined antibody:antigen structures or
extensive homology modeling, which can degrade performance by inaccurately modeling
important structural interactions. Although this is a promising future direction, our results
and others39:32 indicate that improved neutralization breadth can also be achieved through
design for potency against one representative antigen.

Future directions

Until more structures of bNAbs in complex with HIV Env trimers from diverse strains
become available, methods for structure-based design for breadth will likely continue to
rely on information gleaned from one or a few representative antigens. Can the method
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presented herein be applied to any antigen genotype or site to successfully improve breadth?
If not, how can we differentiate between genotypes or sites that are more “canonical” (i.e.,
for which design for potency can result in increased breadth) versus those that are less?

We have suggested several hypotheses based on our new data, but additional work will be
required to evaluate these hypotheses. Orthogonally, our method could potentially be used
not only for therapeutic antibody improvement but also to assess the projected importance of
rare mutations in antibodies targeted for elicitation through vaccination or, alternatively, to
identify important immunogen variants.

Limitations of the study

As mentioned above, due to the scarcity of trimeric structures, these designs relied
exclusively on structures of antibodies bound to the BG505 SOSIP trimer. Additionally,
like most other structures of bNAbs in complex with trimeric Env, our solved structures

of improved antibody variants also include the BG505 SOSIP trimer. Although we attempt
to mitigate these limitations by characterizing neutralization over a large set of strains and
by homology modeling approaches, our understanding of the mechanisms of neutralization
breadth for these antibodies and others would be improved by complex structures that span a
more diverse set of stable Env trimers.%2 Finally, neutralization potency and breadth are not
themselves sufficient for therapeutic efficacy—other properties, including thermostability
and lack of autoreactivity, are critical.1 Further characterization of the antibodies developed
herein will be needed to assess their therapeutic potential.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Bruce R. Donald
(brd+cell22@cs.duke.edu).

Materials availability—TZM-bl cells (https://www.aidsreagent.org, cat# 8129) are
available through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH,
contributed by Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc.

Data and code availability—Neutralization data are included in this manuscript in
the supplemental information. Cryo-EM maps and structures have been deposited in the
EMDB (EMDB: EMD-299248, EMD-29264, EMD-29288) and the PDB (PDB: 8FKS5,
8FL1, 8FLW), respectively, and are publicly available as of the date of publication.

All code used and discussed in this manuscript is available from the Harvard Dataverse
repository (Harvard Dataverse: https://doi.org/10.7910/DVN/NXD2JR) as of the date of
publication. For new empirical designs we recommend using the latest version of OSPREY
available for free at http://www.cs.duke.edu/donaldlab/opsrey.php. All computer code for
the OSPREY system is also available on GitHub at https://github.com/donaldlab/OSPREY 3,
and is open/source and free. The version of record is archived with Zenodo (Zenodo: https://
doi.org/10.5281/zen0do.7633931).
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Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

These cells are a HelL a cell line generated from JC.53 cells that expresses CD4, CCR5, and
CXCR4, with galactosidase and luciferase reporter genes under the HIV-1 promoter. For
long-term storage store at or below —100° C, preferably in FBS supplemented with 40%
DMEM and 10% DMSO. Propagate in DMEM supplemented with 10% FBS, 100 U per mL
penicillin and 0.1 mg per mL streptomycin, incubate at 37°C. For more information see the
NIH AIDS Reagent Program (https://www.aidsreagent.org, cat# 8129).

METHOD DETAILS

Redesign of PGORSH and PGT145—Designs to obtain improved variants of PGORSH
and PGT145 were performed by defining sets of accessible conformations (conformation
spaces) for unliganded antibody, unliganded Env trimer, and complexed antibody:Env states,
followed by approximation of binding affinity using the K* algorithm4°:4648 or an early
version of the £WA* algorithm’2 in OSPREY.

Conformation spaces were defined for PGORSH or PGT145 based on an EM structure
of the PG9 and 8ANC195 bNADbs in complex with the BG505 SOSIP.664 Env trimer
(PDB: 5VJ6)73 or a Cryo-EM structure of PGT145 and sCD4 in complex with the DS-
SOSIP.664 (Based on PDB: 5U1F),25 respectively. The structure of PGT145 contained
modeled locations of amino acid side chains and glycans, which were not present in the
deposited structure due to resolution limitations.

Structures were inspected to determine whether they were suitable for design or needed
refinement. MolProbity’! analysis of the CDRH3 region of PG9 (5VJ6) revealed a few
major clashes, one of which involved antibody backbone atoms, indicating that the atomic
model may represent an inaccurate backbone conformation. As a result, the PG9 input
structure was all-atom minimized using Yasara’# to relax steric clashes, and the 8ANC195
antibody was removed along with some distal regions of gp160. This step was performed
due to the very low resolution of the structure, coupled with the evident backbone clashes.
Similar analysis of the PGT145 structure based on 5U1F (with added side chains) showed
only a few clashes, each of which involved only side chain conformations. We chose

not to perform all-atom minimization of this structure, because we did not consider the
relaxation of side chain conformations to be worth changing the backbone conformation
without experimental evidence. The PGT145 input structure was modified by removing
sCD4 along with parts of the PGT145 antibody and gp160 distal from peptide contacts of
the PGT145:Env interface.

Hydrogens were added to both input structures using Reduce.’® Backbone coordinates for
the complex were defined by the resulting modified PG9:Env and PGT145:Env structures,
and coordinates for the unliganded antibody and unliganded Env states were obtained by
removing atoms corresponding to the Env and antibody, respectively. Design residues (See
Table S1) were modeled as continuously flexible*8 in OSPREY, for which rotamers from the
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Penultimate Rotamer Library’® were allowed to adopt any side-chain conformation such that
all ;-angles are within + 9° of their modal c-angles. All other side-chain coordinates were
obtained from the input structures. Rotamers and energetic interactions for sulfated tyrosines
were modeled using the methods reported in Wang.”” Briefly, a rotamer library was
constructed, partial charges and force-field parameters were computed with Antechamber

in AMBER,’8 and solvation parameters were computed using an extended version of the
EEF1 solvation model. For each model we computed e-approximate bounds on the K score
to a guaranteed accuracy®! of e<0:683 using the K*454648 or EWAK*72 algorithms.

Antibody variant expression and purification—DNA sequences of heavy and light
chain variable regions of antibodies PGORSH and PGT145 and variants were synthesized
and subcloned into the p\VRC8400 vector. For antibody expression, equal amounts of
antibody heavy and light chain plasmid DNA were transfected into Expi293 cells using
Turbo293 transfection reagent (Speed BioSystems). The transfected cells were incubated
in shaker incubator at 120 rpm, 37° C, 9% CO». The culture supernatants were harvested,
filtered, and loaded on a protein A (GE Healthcare) column at 5 days post transfection.
After washing the column with PBS, each antibody was eluted with an IgG elution buffer
(Pierce) and immediately neutralized with one-tenth volume of 1M Tris-HCI pH 8.0. Eluted
antibodies were dialyzed against PBS overnight and were confirmed by SDS-PAGE before
use.

Pseudovirus neutralization assays—Antibody neutralization was evaluated with the
single-round infection assay of TZM-bl cells.”® Antibodies were serially diluted into wells
of a 384-well plate, a constant amount of pseudovirus was added, plates were incubated for
60 min, and TZM-bl cells, which cells express luciferase upon viral infection, were added.
Plates were incubated for 48 h, lysed, and measured for luciferase activity. The antibody
concentration required to achieve 50% neutralization of infection (ICsg) was calculated
using a dose-response curve fit with a 5-parameter nonlinear function. For small-panel
neutralization assays we used a panel of 10 HIV-1 Env pseudoviruses from clades A, B,
and C. For large-panel neutralization assays we used a previously described panel®:29.80

of 208 geographically and genetically diverse HIV-1 Env pseudoviruses representing the
major subtypes and circulating recombinant forms. All 1Csq values reported here are from
small (10 viruses) or large (complete set of 208 viruses) neutralization panels run at the
VRC. In some cases, multiple runs were averaged. We report both the potency (measured
as the median or geometric mean ICgq or ICgq for strains with measurable neutralization)
and the breadth of neutralization (the number or percentage of strains with measurable
neutralization). These summary statistics were computed in this way to conform to the
literature standard and to enable straightforward comparison. Sources of error include the
fact that neutralization 1Csq values are known to vary up to 3-fold between repeat assays.8°

Cryo-EM data collection, structure determination, and refinement—The BG505
DS-SOSIP.664 Env trimer was incubated with molar excess of antigen-binding fragment
(Fab) for each of the improved V2-apex directed antibodies. Grids were prepared by
depositing 2 pL of each complex at 2 mg/mL final concentration on C-flat 1.2/1.3 grids
(emsdiasum.com) and vitrified with an FEI Vitrobot Mark 1V with a wait time of 30 s,
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blot time of 3 s, and blot force of 1. Data collections were performed on a Titan Krios
electron microscope with Leginon using a Gatan K3 direct detection device. Exposures

2 were collected in movie mode for 2 s with the total dose of 63.75 e°~/A? fractionated
over 40 raw frames. cryoSPARC v3.1 was used for frame alignment, CTF estimation, 2D
classifications, ab initio 3D reconstruction, homogeneous refinement, and nonuniform 3D
refinement. 3D reconstruction and final refinements were performed using C1 symmetry.

Coordinates from PDB: 5V8L and PDB: 3U4E were used for initial fits to the reconstructed
maps. This was followed by simulated annealing and real space refinement in Phenix v1.19
with the sharpened map from cryoSPARC v3.1 and with a density modified map from
Phenix Resolve and manually fit with Coot v0.9.8 and then improved through iterative
rounds. Geometry and map fitting parameters were evaluated using Molprobity v4.5.1

and EMRinger. Maps and structures were deposited to the EMDB (EMDB: EMD-29248,
EMD-29264, EMD-29288) and PDB (PDB: 8FKS5, 8FL1, 8FLW).

QUANTIFICATION AND STATISTICAL ANALYSIS

Predicting change in neutralization from Env sequence—We modified a
previously reported method for predicting bNAb neutralization from Env sequence®? to
predict the consequences of bNAb single mutations (increased or decreased neutralization).
We constructed models using gradient-boosted decision trees in scikit-learn,8 which uses a
boosting approach to construct ensemble models of CART decision trees.

To define labels corresponding to the change in neutralization relative to wild-type for each
antibody we computed the log-ratio of neutralization for each antibody (DU303, PGO9RSH
cy”
cy
defined labels y for binary classification where y = 1 if z>0, y = 0 otherwise. We processed
Env using BioPython.82 To generate Env sequence features X we first augmented the Env
protein sequences by identifying potential N-glycosylation sites, defined as sites containing
the amino acid motif N-X-S/T, where X represents any amino acid. This resulted in 957
categorical features with an alphabet size of 21. Final features were obtained by one-hot
encoding, resulting in a total of 4939 binary features.

N(100f)Y, DU025) and its corresponding ancestor (PGT145, PGORSH): Z = log,, We

For training we optimized three hyperparameters, leaving the rest at default values. We used
an early stopping criterion implemented in sci-kit learn for training: 10% of the training
data was held out as an additional validation set, and training was halted if the score on the
validation set did not improve for a user-specified number of iterations. We optimized the
maximum depth of the CART decision trees in the ensemble, the “learning rate” - a scaling
of the contribution of each decision tree to the overall decision function, and the number

of iterations of no improvement required for the early stopping criterion. Hyperparameters
were optimized by 10-fold cross-validation (repeated 5 times) and parameters were selected
by computing the average accuracy, AUC, or F1 score on the validation set.

Variable importance, measured by mean decrease in impurity (MDI) and permutation
importance (P1), was evaluated for DU303 on a model trained using the entire available
dataset. The MDI variable importance measure is analogous to the Gini importance - for
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each feature its MDI is defined as the average decrease in impurity over all nodes that
correspond to the feature.83 In this case our splitting criterion is the Friedman Mean-Squared
Error, Equation 35 in Friedman.83 The MDI importance was computed using the scikit-learn
implementation. Pl was computed by randomly permuting each feature and then computing
the difference in loss between using scrambled and original features using the scikit-learn
implementation (skl ear n. i nspecti on. per nut ati on_i npor t ance).

Visualization and figure generation—Structure and density was visualized using
PyMOL, USCF Chimera,55 and King,%* and images were generated with PyMOL. Analysis
of neutralization data was performed using Python, and accompanying figures were
generated using the Matplotlib® and Seaborn8® libraries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Improvements in breadth result from interaction with variable epitope

Highlights

Antibody variants designed using OSPREY improve neutralization breadth
and potency

Structural and statistical analyses highlight improved side-chain interactions

residues
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Figure 1. Large-panel neutralization breadth and potency for PGT145 and PG9RSH variants
Neutralization breadth and potency of PGT145 and PGORSH variants assayed on a panel of

208 pseudoviruses.

(A and B) Breadth/potency curves for PGT145 and PG9RSH variants and controls,
respectively. Curves represent the fraction of pseudoviruses that were neutralized with 1Cgg
smaller than the given cutoff. An increase in breadth and potency is indicated by a shift
upward and left. PGT145 variant DU303 and PG9RSH variants N(100f)Y and DU025
improve breadth and potency relative to wild type. For IC80 curves, see Figure S3.

(C) Breadth/potency curves for PGORSH DU025 and PGDM1400. Despite slightly weaker
median and mean neutralization potency, the overall breadth and potency of DUO025 rival
that of the best-in-class PGDM1400 antibody.

(D-F) Neutralization dendrograms for variants DU303, PGORSH N(100f)Y, and DU025,
and respectively. Pseudoviruses are grouped into clades by sequence similarity, forming a
tree graph. Internal branches in the tree, which denote groups of viruses, are colored gray.
Terminal branches, corresponding to a single pseudovirus, are colored by IC50, where high
neutralization potency is indicated by warm colors, low potency is indicated by cool colors,
and lack of neutralization is indicated by gray.

(G) Summary of large-panel neutralization breadth and potency for variants and controls,
measured by 1C80.
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Figure 2. Cryo-EM structures of PGORSH and PGT145 variants in complex with BG505 DS-
SOSIP Env trimer

Backbone shown in ribbon representation with glycans, and amino acids shown as sticks

or lines. Env subunits colored with warm colors and grays, and antibodies shown in

cool colors. CDRH3 (residues 95-102) is shown in green. Distances (A) are shown with
dotted yellow lines, and energetic interactions are shown with Probe dots. Members of

the PGORSH (A and B) and PGT145 lineages (C) interact with the trimer apex and are
characterized by a negatively charged CDRH3 that is hammer-like or extended, respectively.
(A) PGT145 mutation N(1001)D forms more favorable electrostatic interactions with gp120.
(B) The PGO9RSH N(100f)Y mutation creates interactions with a side-chain nitrogen from
gp120 residue K168, forming geometry consistent with a r-cation interaction.

(C) The PGO9RSH Y (100k)D mutation forms long-range interactions with polar and
positively charged residues Q170 and K305.
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Figure 3. OSPREY design ensembles correctly predicted structural features for PGORSH and
PGT145 variants

Ten members of the low-energy ensemble (LEE) predicted by OSPREY are shown for
variants of PGT145 (A) and PGORSH (B and C) above corresponding cryo-EM structures
(D-F). Backbones are shown as ribbons with amino acids shown as lines or as sticks with
Env subunits colored with warm colors, and antibody CDRH3 loops (residues 95-102) are
shown in green. Distances (A) are shown with dotted yellow lines.

(A) PGT145 mutation N(1001)D is predicted to form electrostatic interactions with gp120
residues R166 and K169. A carboxyl oxygen of D(100I) lies 5 and 4.2 A from side-chain
nitrogens of gp120 residues R166 and K169, respectively. Despite a lateral translation of
the CDRH3 loop relative to the trimer apex, the LEE correctly predicts features of the
experimental structure (F).

(B) The PGO9RSH N(100f)Y mutation creates interactions with gp120 residue K168. The
side-chain amino nitrogen of K168 lies 5.1 A from the ring plane of Y(100f), forming
geometry consistent with a rc-cation interaction. The LEE correctly predicts interactions
found in the experimentally determined structure (D).

(C) The PG9RSH Y (100k)D mutation is predicted to form electrostatic interactions with
polar and charged residues on gp120. A carboxyl oxygen of D(100Kk) lies 3.2 A from the
side-chain nitrogen of Q170 and 5.6 A from R308. The LEE correctly predicts interactions
with Q170, but a translation and rotation of the CDRH3 loop places R308 further away (E).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

PGI9RSH-(DU001 — DU010, N(100fY), DU012 — DU034) NIH/VRC, this paper N/A
PGT145-(DU301 — DU310) NIH/VRC, this paper N/A

Monoclonal anti-HIV-1 Env PGT145

NIH AIDS Reagent Program??

CAT# 12703, RRID: AB_2491054

Monoclonal anti-HIV-1 Env PG9-16-RSH NIH/VRC?8 N/A
Monoclonal anti-HIV-1 Env PGDM1400 Dennis R. Burton, Scripps?® N/A

Bacterial and virus strains

VRC 208 virus panel NIH/VRCS3 N/A

VRC 10 virus panel (PGT145) NIH/VRC N/A

VRC 10 virus panel (PG9RSH) NIH/VRC N/A
Chemicals, peptides, and recombinant proteins

BG505 DS-SOSIP.664 NIH/VRC N/A

Critical commercial assays

Turbo293 Ab Transfection Kit Speed Biosystems Cat# PXX1005

Human Antibody Capture Kit

GE Healthcare Life Sciences

Cat# BR-1008-39

Deposited data

Cryo-EM map: PGORSH N(100f)Y in complex with BG505 Env

Trimer

Cryo-EM structure: PGORSH N(100f)Y in complex with BG505

Env Trimer

Cryo-EM map: PG9RSH DUO025 in complex with BG505 Env

Trimer

Cryo-EM structure: PGORSH DU025 in complex with BG505 Env

Trimer

Cryo-EM map: PGT145 DU303 in complex with BG505 Env

Trimer

Cryo-EM structure: PGT145 DU303 in complex with BG505 Env

Trimer

Code required for replication of designs and analysis

EMDB

PDB

EMDB

PDB

EMDB

PDB

Harvard Dataverse

29248

8FK5

29264

8FL1

29288

8FLW

https://doi.org/10.7910/DVN/NXD2JR

Experimental models: Cell lines

TZM-bl cells NIH AIDS Reagent Program Cat# 8129
Expi293F cells ThermoFisher Scientific Inc Cat# A14527
Recombinant DNA

pVRC8400 https://www.addgene.org/ Cat# 63160
pVRC8400-PGIRSH-(DU001 — DU034) Heavy NIH/VRC, this paper N/A
pVRCB8400-PGIRSH-(DU001 — DU034) Light NIH/VRC, this paper N/A
pVRC8400-PGT145-(DU301 — DU310) Heavy NIH/VRC, this paper N/A
pVRC8400-PGT145-(DU301 — DU310) Light NIH/VRC, this paper N/A

Software and algorithms

OSPREY
The PyMol Molecular Graphics System
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Schrodinger, LLC

https://github.com/donaldlab/OSPREY 3

https://pymol.org/2/


https://www.addgene.org/
https://github.com/donaldlab/OSPREY3
https://pymol.org/2/
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REAGENT or RESOURCE SOURCE IDENTIFIER
KING Chen et al .64 https://github.com/rlabduke/javadev

USCF Chimera
Leginon
cryoSPARC
EMRinger
Phenix

Coot
MolProbity

Pettersen et al.%
Suloway et al.%6
Punjani et al.6”

Barad et al.68

Adams et al.®
Emsley and Cowtan.”®

Williams et al.”

https://www.cgl.ucsf.edu/chimera/
https://sbgrid.org/software/titles/leginon
https://cryosparc.com/
https://github.com/fraser-lab/EMRinger
https://sbgrid.org/software/
https://sbgrid.org/software/
http://molprobity.biochem.duke.edu/
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