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SUMMARY
Broadly neutralizing antibodies (bNAbs) 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
PG9RSH, 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 (IC80 < 1 mg/mL) and
improve median potency (IC80) 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.
INTRODUCTION

Broad and potent antibodies against HIV-1 show therapeutic

promise for preventing viral transmission or infection1–4 and

have been shown to suppress viremia in humans.5–8 The HIV-1

envelope (Env) apex, comprised of variable loops V1 and V2, is

a common target site for anti-HIV-1 broadly neutralizing anti-

bodies (bNAbs)9–11 despite the high antigen sequence variation

at the V1V2 region12 and the presence of a protective glycan

shield.13,14 These bNAbs form an important category15,16 that

contains the PG917–21 and PGT14522–26 antibody classes, mem-

bers of which (e.g., PGDM140023) are among the broadest and

most potent HIV-1 NAbs thus far identified. Their utility as thera-

peutics or for prevention, however, would be improved if their

potency and breadth were increased. Recent clinical data sug-

gest an in vitro IC80 of <1 mg/mL for viral strains (measured by

TZM-bl assay) to be associated with prevention of transmission

in humans.8

Extensive structural characterization of bNAb lineages has

suggested that breadth of neutralization is conferred by favor-

able interactions with conserved epitope features. Both the

eponymous PG917,18 and PGT14522,24,25 monoclonal antibodies

achieve neutralization breadth by targeting conserved structural
This is an open access article under the CC BY-N
features on the Env apex.17,27 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, 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 interac-

tions with hybrid-type glycans at N173, yielding the antibody

PG9-16-RSH (herein, PG9RSH). PGT145 uses its long, needle-

like 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 Env

trimer.20,24,25 These strategies contrast with those used bymem-

bers 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 neutraliza-

tion is of considerable interest for antibody design. Although

some studies have indicated that improving neutralization

against a single antigen can lead to improved neutralization
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breadth,1,30–32 other evidence suggests the existence of a trade-

off between breadth and potency.33,34 Exploration of this rela-

tionship 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 affinitymaturation,30–35 structure-based in 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,41 surface matrix screening,42 and a

structure-based matrix method43 to yield improved antibodies.

In 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 neutral-

ization. Researchers have improved the breath and potency of

cross-reactive anti-dengue,38 cross-reactive anti-influenza,37

and anti-HIV-132 antibodies using computational strategies.

Hybrid methods that include in silico design have also achieved

remarkable improvements.1

In this work, we design the PG9RSH and PGT145 anti-HIV-1

bNAbs for improved potency and breadth using our computa-

tional protein design software OSPREY.44 We use predicted

potency for the BG505 strain as a proxy for predicted neutraliza-

tion breadth, and we computationally optimize interactions with

both conserved and non-conserved epitope residues. We pre-

sent and characterize three bNAb single-mutation variants,

compare them with both wild-type (PG9RSH and PGT145) and

best-in-class (PGDM1400) 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 PG9RSH.32 We determine cryoelectron

microscopy (cryo-EM) structures for these three designed vari-

ants to provide atomic-level insight into increases in breadth

and potency. The largest improvements in median potency (z
3-fold IC50, z4-fold IC80) occurred for PG9RSH 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 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

(IC80 < 1 mg/mL). For this designed antibody, we observed in-

creases in potency of >100-fold for six pseudoviruses across

five clades. Moreover, the median improvement in IC80 (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 an-

tibodies using structures of each antibody bound to the BG505
2 Cell Reports 42, 112711, July 25, 2023
SOSIP Env trimer (PDB: 5U1F, 5VJ6). We predicted the effect

of antibody mutations on antigen-binding affinity by computing

K� scores45–48 for both wild-type and mutant antibodies at 9

positions (Table S1), pruning or computing scores for approxi-

mately 14,000 sequences. An increase in score relative to wild

type predicts an increase in Ka , i.e., improved binding. In gen-

eral, antibody binding affinity for the Env spike correlates well

with neutralization potency.49 These designs predicted that

PGT145 N(100l)D (variant DU303), PG9RSH N(100f)Y, and

PG9RSH Y(100k)D (variant DU025), among other substitutions,

would improve the neutralization potency of PGT145 and

PG9RSH.

Double-mutation designs of PGT145 at residues F(100d) and

N(100l) predicted that negatively charged substitutions at posi-

tion 100l 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 (ZAb ) was less than 1017:7 were excluded

from consideration. Mutations N(100l)D, F(100d)H/N(100l)D,

and N(100l)E were all predicted to increase the K� score.

Notably, these substitutions place a negatively charged side

chain at residue 100l, perhaps leveraging proximity to the (gener-

ally) positively charged Env residues 166 and 169 (see Figure 3C).

Additional designs of PGT145 are discussed in Document S2.

A single-residue design of PG9RSH at residue N(100f) pre-

dicted 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 PG9.50 An additional

single-residue design of PG9RSH 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 PG9RSH are discussed in Document S2.

Neutralization assessment reveals improvements in
breadth and potency
Based on these designs, we selected 10 and 34 variants of anti-

bodies PGT145 and PG9RSH, respectively, for small-panel

neutralization assays (Tables S5 and S6; Data S1). These vari-

ants were selected by prioritizing variants with high K� scores

and (to a lesser extent) high unbound-state partition functions,51

and in some cases, promising mutations from different designs

were combined. We then selected variants DU303 (PGT145

N(100l)D), PG9RSH N(100f)Y, and DU025 (PG9RSH 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 pseu-

doviruses neutralized with an IC80 %50 mg/mL, the median IC80

value, the number of pseudoviruses neutralized with an IC50 %

50 mg/mL, and the median IC50 value (listed in order of impor-

tance). For example, variants N(100f)Y and DU017were selected

over DU014 because DU014 performs comparatively poorly as

measured by IC80. Although its IC50 neutralization breadth ap-

pears to be greater, the additional neutralized virus is neutralized

relatively poorly (IC50 = 36.1 mg/mL) and disappears when

measured using IC80. Furthermore, the median IC50 and IC80

values of DU014 are greater than for N(100f)Y (less potent). Addi-

tionally, the sequence and neutralization diversity of the set of
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Figure 1. Large-panel neutralization breadth and potency for PGT145 and PG9RSH variants

Neutralization breadth and potency of PGT145 and PG9RSH 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 IC50 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 PG9RSH DU025 and PGDM1400. Despite slightly weaker median and mean neutralization potency, the overall breadth and

potency of DU025 rival that of the best-in-class PGDM1400 antibody.

(D–F) Neutralization dendrograms for variants DU303, PG9RSH 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 bywarm 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 IC80.
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variants to be characterized was considered. DU303, DU025,

and PG9RSH N(100f)Y improved over wild-type activity in both

breadth and potency of neutralization, although PG9RSH

N(100f)Y achieved only small increases in breadth.

DU303 neutralized more pseudovirus strains with higher po-

tency (Figure 1A). DU303 increased neutralization potency

against the BG505 strain by 3- and 25-fold as measured by

IC50 and IC80, respectively: IC50 decreased from 0.010 to

0.003 mg/mL, and IC80 decreased from 0.253 to 0.010 mg/mL

(Data S2). Median neutralization potency across the large panel

increased by 2- and 3-fold (IC50 and IC80): median IC50
decreased from 0.053 to 0.024 mg/mL, and median IC80

decreased from 0.276 to 0.090 mg/mL (Tables S7 and S8).

DU303 improved neutralization breadth relative to PGT145: the

percentage of tested pseudoviruses with measurable neutraliza-

tion (IC50 < 50mg/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

relevance8: the percentage of viruses neutralized with

IC80 < 1 mg/mL increased from 39% to 54% (Table S8).

PG9RSH N(100f)Y increased median potency of neutralization

but only slightly increased breadth (Figure 1B). PG9RSH N(100f)
Cell Reports 42, 112711, July 25, 2023 3
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Y increased neutralization potency against the BG505 strain by

2.8-fold asmeasured by IC80 but showed no appreciable change

in IC50: IC80 decreased from 0.065 to 0.023 mg/mL, and IC50

remained at 0.009 mg/mL (Data S2). Median neutralization

potency across the large panel increased by 1.9- and

2.6-fold (IC50 and IC80): median IC50 decreased from 0.047 to

0.025 mg/mL, and median IC80 decreased from 0.227 to

0.086 mg/mL (Tables S7 and S8). PG9RSH N(100f)Y slightly

improved neutralization breadth relative to PG9RSH: the per-

centage of tested pseudoviruses with measurable neutralization

(IC50 < 50 mg/mL) increased from 81% to 83% (Table S7). How-

ever, the improvement in breadth relative to PG9RSH was larger

when evaluated for pseudoviruses neutralized with an

IC80 < 1 mg/mL: breadth increased from 53% to 62% (Table S8).

DU025 increased potency and breadth of neutralization (Fig-

ure 1B), and the resulting breadth-potency plot is qualitatively

similar to that for the best-in-class PGDM1400 antibody (Fig-

ure 1C). DU025 increased neutralization potency against the

BG505 strain by 2.2- and 6.5-fold as measured by IC50 and

IC80, respectively: IC50 decreased from 0.009 to 0.004 mg/mL,

and IC80 decreased from 0.065 to 0.010 mg/mL. Median neutral-

ization potency across the large panel increased by 2.7- and 3.9-

fold (IC50 and IC80): median IC50 decreased from 0.047 to

0.017 mg/mL, and median IC80 decreased from 0.227 to

0.058 mg/mL (Tables S7 and S8). DU025 also improved neutral-

ization breadth relative to PG9RSH: the percentage of tested

pseudoviruses with measurable neutralization (IC50 < 50 mg/

mL) increased from 81% to 87% (Table S7). Again, the improve-

ment in breadth relative to PG9RSH was larger when evaluated

at the clinically relevant cutoff of IC80 < 1 mg/mL: breadth

increased from 53% to 63% (Table S8). While the mean and me-

dian potencies for DU025 remained slightly weaker than for

PGDM1400, overall, the breadth and potency of DU025 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 PG9RSH, we

computed the fold decrease in IC50 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 IC50 for strains

CAP256.206.C9, 16936-2.21, and CH038.12, respectively

(Table S9). Analysis revealed a wide distribution of improve-

ments in neutralization for DU303, with populations of strains

with either slightly reduced or greatly improved neutralization.

Conversely, both PG9RSH N(100f)Y and DU025 were character-

ized by a narrow distribution of fold decrease in IC50 over tested

pseudoviruses. The largest fold decrease in IC50 for DU303 was

988-fold, occurring for the clade C pseudovirus CAP256.206.C9.

The largest improvements in neutralization for PG9RSHN(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) re-

vealed 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
4 Cell Reports 42, 112711, July 25, 2023
for clade B. On the other hand, the same analysis for both

PG9RSH 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, PG9RSHN(100f)Y, andDU025 relative to their ances-

tors, 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 PG9RSH 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 (PI)53 of Env residues.

K169 and R169 were the important (PI > 0.05) features that were

associated with an increase in neutralization for DU303 relative

to PGT145 (Figure S9). Separating the large-panel data by resi-

due identity at Env residue 169 revealed two distinct populations

of viruses (Figure S10): Viruses with a positively charged residue

at Env residue 169 were more potently neutralized by DU303

than by PGT145, while viruses without a positively charged res-

idue 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, PG9RSH N(100f)Y, and DU025 reveal improved
side-chain interactions
We solved cryo-EM structures of PGT145 variant DU303,

PG9RSH N(100f)Y, and PG9RSH 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 Å, respectively (Table S11), and local resolutions

ranged between 3 and 9.3, 2.7 and 6.3, and 3.18 and 7.5 Å,

respectively (Figures S11–S13). The trimer apex and antibody

CDRH3 loop were well resolved in all cases and indicated bind-

ing modes consistent with previous structures of PGT145 and

PG9RSH (Figure 2). These structures revealed details for key in-

teractions between the HIV Env apex and the DU303, PG9RSH

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(100l)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(100l) and F(100d) (Figure S14). The

atomicmodel of DU303 indicates that D(100l) could form electro-

static interactions with gp120 residues R166 and K169: the side-

chain nitrogen of K169 lies 5.1 Å from a side-chain carboxyl

oxygen of D(100l) (Figure 3D). Similarly, one of the side-chain
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Figure 2. Cryo-EM structures of PG9RSH 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 an-

tibodies shown in cool colors. CDRH3 (residues 95–102) is shown in green. Distances (Å) are shownwith dotted yellow lines, and energetic interactions are shown

with Probe dots. Members of the PG9RSH (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(100l)D forms more favorable electrostatic interactions with gp120.

(B) The PG9RSH N(100f)Y mutation creates interactions with a side-chain nitrogen from gp120 residue K168, forming geometry consistent with a p-cation

interaction.

(C) The PG9RSH Y(100k)D mutation forms long-range interactions with polar and positively charged residues Q170 and K305.
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nitrogens of R166 lies 4 Å from a side-chain carboxyl oxygen of

D(100l). The position of these side chains suggests that the

negatively charged D(100l) 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 (GlcNAc) sugars of gp120 glycan

N160 (Figure S15A). Density corresponding to bNAb residues

is more ambiguous: peaks between the modeled side-chain lo-

cations of residues Y(100f) and Y(100a) suggest the presence

of alternate rotamer configurations. Examination of low-density

peaks (0.5 s) reveals a small peak in density of the second

GlcNAc 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 PG9RSH N(100f)Y fit to the

density map indicates that the primary interaction between

Y(100f) and gp120 is a p-cation interaction with residue K168

(Figure 3E). The ammonium nitrogen of K168 lies 4.7 Å from

the center of the Y(100f) p system, and the angle between the

distance vector and the ring normal vector is approximately

20�, which is representative of typical p-cation geometry.54

Y(100f) also forms van der Waals interactions with antibody res-

idues P99, Y(100a), and TYS(100h). The side-chain geometry

suggests that the aromatic Y(100f) side chain participates in a

p-cation interaction with the positively charged K168 to improve

potency of neutralization.

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 s, which could indicate the presence of solvent at

this interface (Figure S16B). Furthermore, a bridge of density at

1 s arises between the modeled locations of Env residues

Q170 and R308, hinting at long-range or solvent-mediated inter-

actions. 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 Å, 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(100l) and K169 and R169 in the OSPREY low-energy

ensemble (LEE) differed by atmost 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(100l)

D substitution. For PG9RSH 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 confor-

mation in which these side chains have rotated and stacked.

The overall correspondence between the LEE and the experi-

mental 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 differ-

ences in loop backbone conformation resulted in a change of

environment near residue 100k. As a result, although the design
Cell Reports 42, 112711, July 25, 2023 5
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Figure 3. OSPREY design ensembles correctly predicted structural features for PG9RSH and PGT145 variants

Ten members of the low-energy ensemble (LEE) predicted by OSPREY are shown for variants of PGT145 (A) and PG9RSH (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 (Å) are shown with dotted yellow lines.

(A) PGT145 mutation N(100l)D is predicted to form electrostatic interactions with gp120 residues R166 and K169. A carboxyl oxygen of D(100l) lies 5 and 4.2 Å

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 PG9RSHN(100f)Y mutation creates interactions with gp120 residue K168. The side-chain amino nitrogen of K168 lies 5.1 Å from the ring plane of Y(100f),

forming geometry consistent with a p-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(100k) lies

3.2 Å from the side-chain nitrogen of Q170 and 5.6 Å 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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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 interac-

tion between D(100k) and R308 is not supported by the cryo-EM

structure. Instead, shifts in the backbone create interactions be-

tweenD(100k) andK305. However, the overall quality and type of

interactions formed by D(100k) 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. Ideally, to model struc-

tural variation, we would incorporate high-resolution co-crys-

tal structures of bNAb:Env complexes from all tested strains

into the design process, but such structures are scarce and
6 Cell Reports 42, 112711, July 25, 2023
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 maturation30 or

by design,1,31,32 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 pseu-

doviruses indicated that three designed variants exhibited

improved neutralization breadth and potency. We solved

structures of these three variants bound to the BG505 DS-SO-

SIP.664 trimer to investigate the mechanisms of improved

neutralization potency. We additionally investigated relation-

ships between Env epitope residue characteristics and

neutralization potency to draw conclusions about mecha-

nisms of improved breadth. Surprisingly, mutations that
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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, PG9RSH N(100f)Y, and DU025 improved or maintained

neutralization potency for the BG505 pseudovirus, with the most

notable improvements observed by IC80 measurements. Cryo-

EM structures of each variant bound to the BG505 trimer indicate

that OSPREY designs improved side-chain interactions. The

PGT145 N(100l)Dmutation (DU303) improved electrostatic inter-

actions with the Env apex residues R166 and K169, improving

charge complementarity. The PG9RSH 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 thismutation.32 Finally,

the PG9RSH 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 amobile 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 environ-

ment and side-chain interactions at the PG9RSH 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.

bNAb 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. PG9RSH N(100f)Y and DU025, 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 conser-

vation of their Env epitope residues. Conversely, PG9RSH

N(100f)Y resulted in smaller improvements despite the high con-

servation 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 res-

idue 169 while slightly decreasing potency against ‘‘resistant’’

strains with different substitutions at this epitope residue. Sensi-

tive strains were more potently neutralized byz5-fold (geomet-

ric mean), while resistant strains were less potently neutralized

byz2-fold (Figure S10). Because the effect of improving neutral-

ization 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(100l)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 pre-

dominantly hydrophobic (valine, methionine) and unlikely to

interact favorably with D(100l).

PG9RSH DU025 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 de-

creases 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 substi-

tution interacts with highly conserved Env features. The improve-

ment in breadth was small relative to DU303 or DU025, suggest-

ing that these interactions may already be highly optimized in

parent PG9RSH.

Improvements in breadth did not require residue
conservation
These examples confirm previous observations1,30–32 that anti-

body 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. Howev-

er, 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 ener-

getic 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 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.
Cell Reports 42, 112711, July 25, 2023 7
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Second, the presence of long-range, possibly solvent-medi-

ated interactions in these designs could allow for favorable ener-

getic 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 opti-

mized 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 anti-

body residues for donor virus populations, we would expect im-

provements 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,55 OptCDR56 and OptMAVEn,57,58 and abDesign59 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 anti-

bodies that rely heavily on CDRH3 contacts for neutralization55

such as PG9RSH or PGT145. Deep learning approaches60

have been shown to model loops more effectively than some

grafting methods. Straightforward applications of general pro-

tein design frameworks or algorithms like Rosetta 32 or variants

of dead-end elimination or A*36 have also been used to design

antibodies in a more conservative manner. In some cases, mod-

ifications 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 anti-

gens.37,61 However, this requires either a varied set of experi-

mentally 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

others30,32 indicate that improved neutralization breadth can

also be achieved through design for potency against one repre-

sentative 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 informa-

tion gleaned from one or a few representative antigens. Can the
8 Cell Reports 42, 112711, July 25, 2023
method presented herein be applied to any antigen genotype or

site to successfully improve breadth? If not, how can we differ-

entiate 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. Orthogo-

nally, our method could potentially be used not only for thera-

peutic antibody improvement but also to assess the projected

importance of rare mutations in antibodies targeted for elicita-

tion 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 lim-

itations 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.62 Finally, neutral-

ization 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.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PG9RSH-(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 Program22 CAT# 12703, RRID: AB_2491054

Monoclonal anti-HIV-1 Env PG9-16-RSH NIH/VRC28 N/A

Monoclonal anti-HIV-1 Env PGDM1400 Dennis R. Burton, Scripps23 N/A

Bacterial and virus strains

VRC 208 virus panel NIH/VRC63 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: PG9RSH N(100f)Y in complex

with BG505 Env Trimer

EMDB 29248

Cryo-EM structure: PG9RSH N(100f)Y in complex

with BG505 Env Trimer

PDB 8FK5

Cryo-EM map: PG9RSH DU025 in complex

with BG505 Env Trimer

EMDB 29264

Cryo-EM structure: PG9RSH DU025 in

complex with BG505 Env Trimer

PDB 8FL1

Cryo-EM map: PGT145 DU303 in complex

with BG505 Env Trimer

EMDB 29288

Cryo-EM structure: PGT145 DU303 in

complex with BG505 Env Trimer

PDB 8FLW

Code required for replication of

designs and analysis

Harvard Dataverse 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-PG9RSH-(DU001 – DU034) Heavy NIH/VRC, this paper N/A

pVRC8400-PG9RSH-(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 Hallen et al.44 https://github.com/donaldlab/OSPREY3

The PyMol Molecular Graphics System Schrödinger, LLC https://pymol.org/2/

KING Chen et al.64 https://github.com/rlabduke/javadev

USCF Chimera Pettersen et al.65 https://www.cgl.ucsf.edu/chimera/

Leginon Suloway et al.66 https://sbgrid.org/software/titles/leginon

(Continued on next page)
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cryoSPARC Punjani et al.67 https://cryosparc.com/

EMRinger Barad et al.68 https://github.com/fraser-lab/EMRinger

Phenix Adams et al.69 https://sbgrid.org/software/

Coot Emsley and Cowtan.70 https://sbgrid.org/software/

MolProbity Williams et al.71 http://molprobity.biochem.duke.edu/
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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: 8FK5, 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/OSPREY3, and is open/source and free. The version of record is

archived with Zenodo (Zenodo: https://doi.org/10.5281/zenodo.7633931).

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 HeLa cell line generated from JC.53 cells that expresses CD4, CCR5, andCXCR4, 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 permL penicillin and 0.1mg 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 PG9RSH and PGT145
Designs to obtain improved variants of PG9RSH and PGT145 were performed by defining sets of accessible conformations (confor-

mation spaces) for unliganded antibody, unliganded Env trimer, and complexed antibody:Env states, followed by approximation of

binding affinity using the K� algorithm45,46,48 or an early version of the EWAK� algorithm72 in OSPREY.

Conformation spaces were defined for PG9RSH or PGT145 based on an EM structure of the PG9 and 8ANC195 bNAbs 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. MolProbity71 analysis of the

CDRH3 region of PG9 (5VJ6) revealed a fewmajor clashes, one of which involved antibody backbone atoms, indicating that the atomic

modelmay represent an inaccurate backbone conformation. As a result, the PG9 input structurewas all-atomminimized using Yasara74

to relax steric clashes, and the 8ANC195 antibodywas removed along with some distal regions of gp160. This step was performed due

to the very low resolution of the structure, coupledwith the evident backbone clashes. Similar analysis of thePGT145 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.
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Hydrogens were added to both input structures using Reduce.75 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 flexible48 in OSPREY, for which rotamers from the Penultimate Rotamer Library76 were allowed to adopt

any side-chain conformation such that all c-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.77 Briefly, a rotamer library was constructed, partial charges and force-field parameters were computed with Ante-

chamber in AMBER,78 and solvation parameters were computed using an extended version of the EEF1 solvation model. For each

model we computed ε-approximate bounds on the K � score to a guaranteed accuracy51 of ε<0:683 using the K�45,46,48 or EWAK�72

algorithms.

Antibody variant expression and purification
DNA sequences of heavy and light chain variable regions of antibodies PG9RSH and PGT145 and variants were synthesized and

subcloned into the pVRC8400 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% CO2. 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-HCl 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.79 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 (IC50) 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 panel9,29,80 of 208 geographically and

genetically diverse HIV-1 Env pseudoviruses representing the major subtypes and circulating recombinant forms. All IC50 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 IC50 or IC80 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 IC50 values are known to vary up to 3-fold between repeat assays.80

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 mL 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 IV with a wait time of 30 s, 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

were collected in movie mode for 2 s with the total dose of 63.75 e� � =�A
2
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 andmanually fit with Coot v0.9.8 and then improved through iterative rounds. Geometry andmap fitting param-

eters were evaluated usingMolprobity v4.5.1 and EMRinger. Maps and structures were deposited to the EMDB (EMDB: EMD-29248,

EMD-29264, EMD-29288) and PDB (PDB: 8FK5, 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 sequence52 to predict the consequences of

bNAb single mutations (increased or decreased neutralization). We constructedmodels using gradient-boosted decision trees in sci-

kit-learn,81 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, PG9RSH N(100f)Y, DU025) and its corresponding ancestor (PGT145, PG9RSH):

z = log10
ICWT

50

ICmut
50

. We defined labels y for binary classification where y = 1 if z>0, y = 0 otherwise. We processed Env protein alignments
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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.

For training we optimized three hyperparameters, leaving the rest at default values. We used an early stopping criterion imple-

mented 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 (PI), 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 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 impor-

tance was computed using the scikit-learn implementation. PI 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

(sklearn.inspection.permutation_importance).

Visualization and figure generation
Structure and density was visualized using PyMOL, USCF Chimera,65 and King,64 and images were generated with PyMOL. Analysis

of neutralization data was performed using Python, and accompanying figures were generated using the Matplotlib84 and Seaborn85

libraries.
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❊ ❍ǫ 8.350 7.491 31.993✶ 31.498 16.468✶ 15.973 8.164✶ 7.669
❲ ❨ 7.933 6.679 29.092 28.598 13.862 13.555 8.058 7.604
❍ǫ ❉ 7.926 6.878 33.248✶ 32.753 18.206✶ 17.711 8.105✶ 7.610



❯♣♣❡r ❛♥❞ ❧♦✇❡r ❜♦✉♥❞s ♦♥ t❤❡ ❑∗ s❝♦r❡ ❛♥❞ ♣❛rt✐t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r P●❚✶✹✺ ❞❡s✐❣♥s ❛t r❡s✐❞✉❡s
✶✵✵❞ ❛♥❞ ✶✵✵❧ ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ♦s♣r❡② ✭❝♦♥t✐♥✉❡❞✮✳

log
10
❑∗ log

10
Z❈ log

10
Z❆❜ log

10
Z❊♥✈

✶✵✵❞ ✶✵✵❧ ❯❇ ▲❇ ❯❇ ▲❇ ❯❇ ▲❇ ❯❇ ▲❇

❋ ❊ 7.804 6.829 33.995✶ 33.500 19.099✶ 18.604 8.081✶ 7.586
❉ ❍ǫ 7.665 6.815 31.919✶ 31.424 17.072✶ 16.577 8.171✶ 7.676
❨ ❉ 7.622 6.430 32.578 32.083 17.597 17.392 8.056 7.564
❍δ ❊ 7.532 6.224 32.785 32.290 18.049 17.555 8.017 7.699
❲ ❉ 7.482 6.490 33.303 32.808 18.263 18.254 8.055 7.568
▼ ❊ 7.459 6.096 30.804 30.309 16.161 15.788 8.051 7.557
❊ ◗ 7.144 6.053 30.916✶ 30.421 16.692✶ 16.197 8.070✶ 7.575
❊ ▼ 7.025 6.015 31.697✶ 31.202 17.539✶ 17.044 8.123✶ 7.628
❍ǫ ❊ 6.969 5.810 31.567✶ 31.072 17.504✶ 17.009 8.084✶ 7.589
❨ ❍ǫ 6.961 5.543 31.758 31.264 17.674 17.185 8.046 7.612
❋ ❍ǫ 6.933 5.965 34.419✶ 33.924 20.380✶ 19.885 8.096✶ 7.601
❊ ◆ 6.911 5.609 32.204✶ 31.709 18.159✶ 17.665 8.123✶ 7.629
❍δ ❨ 6.907 5.477 28.426 27.931 14.394 13.953 8.060 7.566
❲ ❊ 6.833 5.796 32.123 31.628 17.790 17.642 8.042 7.648
❲ ❍ǫ 6.809 5.461 34.234 33.740 20.221 19.856 8.058 7.568
▼ ❨ 6.786 5.834 26.016 25.521 11.647 11.647 8.040 7.583
❨ ❨ 6.747 5.758 27.386 26.891 13.079 13.079 8.054 7.561
❊ ❱ 6.719 5.804 32.329✶ 31.834 18.473✶ 17.978 8.126✶ 7.631
❍δ ❍ǫ 6.700 5.485 33.744 33.250 19.733 19.394 8.032 7.650
❊ ❘ 6.689 5.441 34.344✶ 33.849 20.557✶ 20.062 8.087✶ 7.593
❋ ❨ 6.680 5.804 29.784✶ 29.289 15.940✶ 15.445 8.154✶ 7.659
❊ ❙ 6.666 5.206 31.168✶ 30.673 17.401✶ 16.906 8.091✶ 7.596
❊ ❈ 6.633 5.222 31.129✶ 30.634 17.391✶ 16.897 8.094✶ 7.599
❊ ❚ 6.605 5.197 32.034✶ 31.540 18.292✶ 17.798 8.126✶ 7.631
▼ ❍ǫ 6.454 5.332 31.439 30.944 17.591 17.292 8.021 7.692
❉ ◗ 6.404 5.050 30.719✶ 30.224 17.228✶ 16.733 8.077✶ 7.582
❉ ▼ 6.381 5.071 31.511✶ 31.016 18.049✶ 17.554 8.071✶ 7.576
❉ ◆ 6.282 4.802 31.922✶ 31.427 18.561✶ 18.066 8.069✶ 7.574
❍ǫ ❨ 6.257 5.285 27.469 26.974 13.636 13.636 8.053 7.575
❉ ❘ 6.114 4.739 33.798✶ 33.303 20.581✶ 20.086 8.093✶ 7.598
❍ǫ ❍ǫ 6.049 4.582 32.698 32.203 19.562 19.083 8.060 7.566
❉ ❱ 6.004 4.883 32.076✶ 31.582 18.978✶ 18.483 8.084✶ 7.589
❉ ❈ 5.976 4.529 30.901✶ 30.406 17.843✶ 17.348 8.072✶ 7.577
❉ ❙ 5.945 4.471 31.010✶ 30.515 17.978✶ 17.484 8.076✶ 7.581
❉ ❚ 5.813 4.518 31.841✶ 31.346 18.833✶ 18.338 8.184✶ 7.690
❨ ◆ 5.467 4.200 32.817 32.322 20.060 19.772 8.061 7.577
❍δ ▼ 5.377 4.343 33.583 33.089 20.724 20.533 8.021 7.673
❋✷ ◆✷ 5.288 3.883 35.738✶ 35.243 23.342✶ 22.847 8.098✶ 7.603
❍δ ❘ 5.238 3.981 34.091 33.597 21.558 21.280 8.058 7.574
❋ ❱ 5.213 3.917 35.501✶ 35.006 23.206✶ 22.711 8.072✶ 7.577
▼ ❘ 5.120 3.825 32.709 32.214 20.329 20.023 8.060 7.566
❨ ❙ 5.054 3.579 34.155 33.660 22.016 21.524 8.066 7.577
▼ ▼ 5.044 3.602 31.930 31.436 19.785 19.313 8.048 7.574



❯♣♣❡r ❛♥❞ ❧♦✇❡r ❜♦✉♥❞s ♦♥ t❤❡ ❑∗ s❝♦r❡ ❛♥❞ ♣❛rt✐t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r P●❚✶✹✺ ❞❡s✐❣♥s ❛t r❡s✐❞✉❡s
✶✵✵❞ ❛♥❞ ✶✵✵❧ ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ♦s♣r❡② ✭❝♦♥t✐♥✉❡❞✮✳

log
10
❑∗ log

10
Z❈ log

10
Z❆❜ log

10
Z❊♥✈

✶✵✵❞ ✶✵✵❧ ❯❇ ▲❇ ❯❇ ▲❇ ❯❇ ▲❇ ❯❇ ▲❇

▼ ◗ 5.019 3.751 30.786 30.292 18.502 18.149 8.039 7.618
▼ ◆ 5.007 3.673 31.933 31.438 19.734 19.241 8.031 7.685
❍δ ◆ 4.990 3.670 34.513 34.018 22.327 21.843 8.022 7.680
❍δ ❱ 4.928 3.474 34.630 34.135 22.611 22.119 8.050 7.583
❨ ❈ 4.923 3.659 31.450 30.955 19.244 18.927 8.052 7.600
❋ ◗ 4.921 3.491 34.407✶ 33.912 22.401✶ 21.906 8.076✶ 7.581
❋ ❚ 4.914 3.507 35.738✶ 35.243 23.698✶ 23.204 8.115✶ 7.621
❋ ❙ 4.914 3.434 34.748✶ 34.253 22.752✶ 22.257 8.072✶ 7.577
❋ ❈ 4.871 3.570 34.570✶ 34.075 22.489✶ 21.994 8.199✶ 7.704
▼ ❱ 4.864 3.885 32.351 31.856 19.918 19.918 8.053 7.569
❍δ ❈ 4.857 3.384 33.457 32.963 21.518 21.032 8.061 7.568
❍δ ◗ 4.817 3.462 33.203 32.708 21.191 20.819 8.056 7.567
▼ ❚ 4.770 3.296 31.964 31.469 20.115 19.626 8.057 7.568
▼ ❈ 4.754 3.615 30.973 30.479 18.804 18.653 8.060 7.566
❍δ ❚ 4.748 3.280 34.548 34.053 22.717 22.228 8.057 7.572
❍δ ❙ 4.736 3.290 33.578 33.083 21.741 21.246 8.052 7.596
❲ ◆ 4.733 3.398 33.926 33.431 21.975 21.579 8.058 7.614
❍ǫ ▼ 4.714 3.309 32.655 32.161 20.809 20.378 8.043 7.564
▼ ❙ 4.633 3.313 31.073 30.579 19.241 18.746 8.024 7.694
❲ ◗ 4.575 3.609 32.884 32.389 20.730 20.722 8.050 7.587
❲ ❱ 4.544 3.542 34.654 34.160 22.564 22.514 8.054 7.596
❍ǫ ◆ 4.511 3.031 33.192✶ 32.698 21.601✶ 21.106 8.071✶ 7.576
❲ ❚ 4.363 2.902 34.169 33.674 22.717 22.234 8.056 7.571
❲ ❙ 4.326 2.848 33.083 32.588 21.687 21.196 8.053 7.561
❲ ❈ 4.299 2.995 32.965 32.471 21.451 20.960 8.025 7.706
❍ǫ ◗ 4.294 2.860 32.016 31.521 20.600 20.150 8.061 7.571
❍ǫ ❘ 4.294 2.989 32.219✶ 31.724 20.829✶ 20.334 8.085✶ 7.590
❍ǫ ❱ 4.293 2.860 33.453✶ 32.958 22.069✶ 21.574 8.081✶ 7.586
❍ǫ ❈ 4.198 2.802 32.159 31.664 20.804 20.392 8.058 7.569
❨ ❊ 4.144 3.041 27.191 26.696 15.594 15.454 8.062 7.593
❍ǫ ❙ 4.123 2.641 32.422✶ 31.927 21.222✶ 20.727 8.067✶ 7.572
❍ǫ ❚ 4.118 2.650 33.337 32.842 22.127 21.632 8.066 7.586
❋ ❘ 3.277 1.925 31.262✶ 30.768 20.882✶ 20.387 8.093✶ 7.598
❋ ▼ 3.164 2.066 30.575✶ 30.080 20.200✶ 19.705 8.201✶ 7.706
❨ ◗ 2.212 0.901 26.936 26.441 17.481 17.127 8.059 7.597
❨ ❚ 2.175 0.691 28.388 27.893 19.144 18.650 8.058 7.564
❨ ❘ 2.046 0.734 28.979 28.484 19.716 19.254 8.033 7.679
❨ ▼ 2.024 0.685 28.333 27.839 19.113 18.644 8.040 7.665
❨ ❱ 1.915 0.578 28.362 27.868 19.259 18.769 8.031 7.679
❲ ▼ 1.180 −0.220 30.092 29.597 21.768 21.283 8.048 7.629
❲ ❘ −4.358 −5.607 24.388 23.894 21.470 21.050 8.031 7.696

✶ ❯♣♣❡r ❜♦✉♥❞s ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❧♦✇❡r ❜♦✉♥❞ ❛♥❞ ǫ = 0.68✳
✷ ❲✐❧❞✲t②♣❡ ❛♠✐♥♦✲❛❝✐❞✳



❚❛❜❧❡ ❙✸✿ ❯♣♣❡r ❛♥❞ ❧♦✇❡r ❜♦✉♥❞s ♦♥ t❤❡ ❑∗ s❝♦r❡ ❛♥❞ ♣❛rt✐t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r P●✾ ❞❡s✐❣♥s
❛t r❡s✐❞✉❡ ✶✵✵❢ ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ♦s♣r❡②✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❍δ ❛♥❞ ❍ε r❡❢❡r t♦ t❤❡ δ ❛♥❞ ε
♣r♦t♦♥❛t✐♦♥ st❛t❡s ♦❢ ❤✐st✐❞✐♥❡✳

log
10
❑∗ log

10
Z❈ log

10
Z❆❜ log

10
Z❊♥✈

✶✵✵❢ ❯❇ ▲❇ ❯❇ ▲❇ ❯❇ ▲❇ ❯❇ ▲❇

❲ 12.835 12.806 47.396 47.367 22.427 22.427 12.135 12.134
▼ 12.558 12.431 45.695 45.569 21.003 21.003 12.135 12.134
◗ 12.495 12.370 44.582 44.458 19.953 19.953 12.135 12.134
❨ 12.468 12.395 45.321 45.249 20.719 20.719 12.135 12.134
❋ 12.363 12.336 46.042 46.015 21.544 21.544 12.135 12.134
❍ǫ 12.355 12.303 45.848 45.798 21.359 21.359 12.135 12.134
◆✶ 12.227 12.153 45.016 44.942 20.654 20.654 12.135 12.134
❍δ 12.159 12.101 45.910 45.853 21.617 21.617 12.135 12.134
❘ 11.232 10.980 45.929 45.686 22.571 22.563 12.135 12.134
❑ 10.778 10.496 45.163 44.884 22.254 22.250 12.135 12.134

✶ ❲✐❧❞✲t②♣❡ ❛♠✐♥♦✲❛❝✐❞✳

❚❛❜❧❡ ❙✹✿ ❯♣♣❡r ❛♥❞ ❧♦✇❡r ❜♦✉♥❞s ♦♥ t❤❡ ❑∗ s❝♦r❡ ❛♥❞ ♣❛rt✐t✐♦♥ ❢✉♥❝t✐♦♥s ❢♦r P●✾ ❞❡s✐❣♥s
❛t r❡s✐❞✉❡ ✶✵✵❦ ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ♦s♣r❡②✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❍δ ❛♥❞ ❍ε r❡❢❡r t♦ t❤❡ δ ❛♥❞ ε
♣r♦t♦♥❛t✐♦♥ st❛t❡s ♦❢ ❤✐st✐❞✐♥❡✳

log
10
❑∗ log

10
Z❈ log

10
Z❆❜ log

10
Z❊♥✈

✶✵✵❦ ❯❇ ▲❇ ❯❇ ▲❇ ❯❇ ▲❇ ❯❇ ▲❇

❊ 10.630 10.318 35.980 35.780 4.009 4.009 21.453 21.340
❉ 8.719 8.401 34.576 34.371 4.517 4.517 21.453 21.340
❲ 8.346 8.026 34.930 34.723 5.244 5.244 21.453 21.340
❨✶ 7.738 7.415 34.413 34.203 5.336 5.335 21.453 21.340
◗ 7.563 7.238 33.259 33.048 4.357 4.356 21.453 21.340
❋ 7.372 7.057 34.360 34.159 5.649 5.649 21.453 21.340
❍δ 7.285 6.955 33.941 33.725 5.317 5.316 21.453 21.340
▼ 7.213 6.879 33.630 33.409 5.077 5.077 21.453 21.340
❍ǫ 7.189 6.861 33.952 33.738 5.424 5.424 21.453 21.340
▲ 7.043 6.733 33.330 33.133 4.947 4.947 21.453 21.340
◆ 6.915 6.588 33.342 33.128 5.087 5.087 21.453 21.340
❱ 6.914 6.655 29.480 29.334 1.226 1.226 21.453 21.340
❚ 6.876 6.544 33.197 32.978 4.981 4.981 21.453 21.340
❈ 6.760 6.494 32.636 32.483 4.536 4.536 21.453 21.340
❙ 6.627 6.293 32.978 32.758 5.012 5.012 21.453 21.340
❆ 6.489 6.231 32.849 32.704 5.020 5.020 21.453 21.340
● 6.436 6.178 32.446 32.301 4.670 4.670 21.453 21.340
❘ 5.000 4.663 30.997 30.773 4.657 4.657 21.453 21.340
❑ 4.911 4.575 30.690 30.467 4.440 4.440 21.453 21.340

✶ ❲✐❧❞✲t②♣❡ ❛♠✐♥♦✲❛❝✐❞✳



❋✐❣✉r❡ ❙✶✿ ❑∗ s❝♦r❡s ❢♦r ❛ ❞♦✉❜❧❡✲♠✉t❛t✐♦♥ ❞❡s✐❣♥ ♦❢ P●❚✶✹✺ ❛t r❡s✐❞✉❡s ✶✵✵❞ ❛♥❞ ✶✵✵❧✱
r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❇♦✉♥❞s ♦♥ t❤❡ ❑∗ s❝♦r❡ ❢♦r s✐♥❣❧❡ ♠✉t❛t✐♦♥s ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ♦s♣r❡② ❛r❡ s❤♦✇♥
❛s ❤♦r✐③♦♥t❛❧ ❜❛rs✳ P✐❝t✉r❡❞ r❡s✉❧ts ❛r❡ ❧✐♠✐t❡❞ t♦ t❤❡ t♦♣ ✺✵ ❞❡s✐❣♥ ♣r❡❞✐❝t✐♦♥s✳ ❉❡s✐❣♥s ❢♦r ✇❤✐❝❤
t❤❡ ✉♥❜♦✉♥❞ ❛♥t✐❜♦❞② ✐s ♣r❡❞✐❝t❡❞ t♦ ❜❡ ♠♦r❡ st❛❜❧❡✱ ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧❧②✲st❛❜❧❡✱ ♦r ❧❡ss st❛❜❧❡ t❤❛♥
✇✐❧❞✲t②♣❡ ❛r❡ ✐♥❞✐❝❛t❡❞ ❜② ❣r❡❡♥✱ t❛♥✱ ♦r r❡❞ ❝♦❧♦r✐♥❣✱ r❡s♣❡❝t✐✈❡❧②✳ ❘❡❧❛t✐✈❡ st❛❜✐❧✐t② ✇❛s ❡st✐♠❛t❡❞ ✉s✐♥❣
t❤❡ ❧♦✇❡r✲❜♦✉♥❞ ♦♥ t❤❡ ♣❛rt✐t✐♦♥✲❢✉♥❝t✐♦♥ ✈❛❧✉❡ ❢♦r t❤❡ ✉♥❜♦✉♥❞ ❛♥t✐❜♦❞② st❛t❡✳ ❲✐❧❞✲t②♣❡ ❛♥t✐❜♦❞②
r❡s✐❞✉❡ ❧❛❜❡❧❡❞ ✐♥ ❜♦❧❞✳ ❚❤❡ ❜♦✉♥❞s ♦♥ t❤❡ ❑∗ s❝♦r❡ ❢♦r t❤❡ ✇✐❧❞✲t②♣❡ ❞❡s✐❣♥ ❛r❡ ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❣r❛②✱
s❤❛❞❡❞ ❜♦①✳



✭❆✮ ❑∗ s❝♦r❡s ❢♦r ♣♦✐♥t ♠✉t❛t✐♦♥ ❞❡s✐❣♥s ❛t P●✾❘❙❍ r❡s✐❞✉❡ ✶✵✵❢✳

✭❇✮ ❑∗ s❝♦r❡s ❢♦r ♣♦✐♥t ♠✉t❛t✐♦♥ ❞❡s✐❣♥s ❛t P●✾❘❙❍ r❡s✐❞✉❡ ✶✵✵❦✳

❋✐❣✉r❡ ❙✷✿ ❙❡❧❡❝t❡❞ ❞❡s✐❣♥ r❡s✉❧ts ❢♦r P●✾❘❙❍✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❇♦✉♥❞s ♦♥ t❤❡ ❑∗ s❝♦r❡ ❢♦r
s✐♥❣❧❡ ♠✉t❛t✐♦♥s ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ♦s♣r❡② ❛r❡ s❤♦✇♥ ❛s ❤♦r✐③♦♥t❛❧ ❜❛rs✳ ❉❡s✐❣♥s ❢♦r ✇❤✐❝❤ t❤❡ ✉♥❜♦✉♥❞
❛♥t✐❜♦❞② ✐s ♣r❡❞✐❝t❡❞ t♦ ❜❡ ♠♦r❡ st❛❜❧❡✱ ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧❧②✲st❛❜❧❡✱ ♦r ❧❡ss st❛❜❧❡ t❤❛♥ ✇✐❧❞✲t②♣❡ ❛r❡
✐♥❞✐❝❛t❡❞ ❜② ❣r❡❡♥✱ t❛♥✱ ♦r r❡❞ ❝♦❧♦r✐♥❣✱ r❡s♣❡❝t✐✈❡❧②✳ ❘❡❧❛t✐✈❡ st❛❜✐❧✐t② ✇❛s ❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ❧♦✇❡r✲
❜♦✉♥❞ ♦♥ t❤❡ ♣❛rt✐t✐♦♥✲❢✉♥❝t✐♦♥ ✈❛❧✉❡ ❢♦r t❤❡ ✉♥❜♦✉♥❞ ❛♥t✐❜♦❞② st❛t❡✳ ❲✐❧❞✲t②♣❡ ❛♥t✐❜♦❞② r❡s✐❞✉❡
❧❛❜❡❧❡❞ ✐♥ ❜♦❧❞✳ ❚❤❡ ❜♦✉♥❞s ♦♥ t❤❡ ❑∗ s❝♦r❡ ❢♦r t❤❡ ✇✐❧❞✲t②♣❡ ❞❡s✐❣♥ ❛r❡ ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❣r❛②✱ s❤❛❞❡❞
❜♦①✳



✭❆✮ P●❚✶✹✺ ✭❇✮ P●✾❘❙❍ ◆✭✶✵✵❢✮❨ ❛♥❞ ❉❯✵✷✺

✭❈✮ ❉❯✵✷✺ ❛♥❞ P●❉▼ ✶✹✵✵

❋✐❣✉r❡ ❙✸✿ ❱❛r✐❛♥t ♥❡✉tr❛❧✐③❛t✐♦♥ ✐♠♣r♦✈❡s ♦✈❡r ✇✐❧❞✲t②♣❡ ♠❡❛s✉r❡❞ ❜② ■❈80✱ r❡❧❛t❡❞ t♦
❋✐❣✉r❡ ✶✳ ❆✱❇✮ ❇r❡❛❞t❤ ✴ ♣♦t❡♥❝② ❝✉r✈❡s ❢♦r P●❚✶✹✺ ❛♥❞ P●✾❘❙❍ ✈❛r✐❛♥ts ❛♥❞ ❝♦♥tr♦❧s✱ r❡s♣❡❝t✐✈❡❧②✳
❈✉r✈❡s r❡♣r❡s❡♥t t❤❡ ❢r❛❝t✐♦♥ ♦❢ ♣s❡✉❞♦✈✐r✉s❡s t❤❛t ✇❡r❡ ♥❡✉tr❛❧✐③❡❞ ✇✐t❤ ■❈80 s♠❛❧❧❡r t❤❛♥ t❤❡ ❣✐✈❡♥
❝✉t♦✛✳ ❆♥ ✐♥❝r❡❛s❡ ✐♥ ❜r❡❛❞t❤ ❛♥❞ ♣♦t❡♥❝② ✐s ✐♥❞✐❝❛t❡❞ ❜② ❛ s❤✐❢t ✉♣✇❛r❞ ❛♥❞ ❧❡❢t✳ P●❚✶✹✺ ✈❛r✐❛♥t
❉❯✸✵✸ ❛♥❞ P●✾❘❙❍ ✈❛r✐❛♥t ◆✭✶✵✵❢✮❨ ❛♥❞ ❉❯✵✷✺ ✐♠♣r♦✈❡ ❜r❡❛❞t❤ ❛♥❞ ♣♦t❡♥❝② r❡❧❛t✐✈❡ t♦ ✇✐❧❞✲t②♣❡✳
❈✮ ❇r❡❛❞t❤ ✴ ♣♦t❡♥❝② ❝✉r✈❡s ❢♦r P●✾❘❙❍ ❉❯✵✷✺ ❛♥❞ P●❉▼✶✹✵✵✳ ❉❡s♣✐t❡ s❧✐❣❤t❧② ✇❡❛❦❡r ♠❡❞✐❛♥
❛♥❞ ♠❡❛♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ♣♦t❡♥❝②✱ ❉❯✵✷✺ ❡①❤✐❜✐ts ❝♦♠♣❛r❛❜❧❡ ❜r❡❛❞t❤ ❛♥❞ ♣♦t❡♥❝② t♦ t❤❡ ❜❡st✲✐♥✲❝❧❛ss
P●❉▼✶✹✵✵ ❛♥t✐❜♦❞②✳
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❋✐❣✉r❡ ❙✹✿ ❋♦❧❞ ❝❤❛♥❣❡ ✐♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ❢♦r P●❚✶✹✺ ❛♥❞ P●✾❘❙❍ ✈❛r✐❛♥ts✱ r❡❧❛t❡❞ t♦
❘❡s✉❧ts✳ ❈✮ ❍✐st♦❣r❛♠ ♦❢ ❢♦❧❞ ❞❡❝r❡❛s❡ ✐♥ ■❈50 ✈❛❧✉❡s ❢♦r ❡❛❝❤ ❛♥t✐❜♦❞② ✴ ♣s❡✉❞♦✈✐r✉s ♣❛✐r✳ P❛✐rs
✇❤❡r❡ ■❈50 ❡①❝❡❡❞❡❞ ✺✵ µ❣✴♠❧ ♥♦t s❤♦✇♥✳ ❉♦tt❡❞ ✈❡rt✐❝❛❧ ❧✐♥❡ ✐♥❞✐❝❛t❡s ❛ ❢♦❧❞ ❞❡❝r❡❛s❡ ♦❢ ✶✱ ♦r ♥♦
❝❤❛♥❣❡✳ ❆❧❧ ✈❛r✐❛♥ts ❡①❤✐❜✐t s❤✐❢ts t♦ t❤❡ r✐❣❤t✱ ✐♥❞✐❝❛t✐♥❣ ❛ tr❡♥❞ ♦❢ ✐♥❝r❡❛s❡❞ ♣♦t❡♥❝② ❛♥❞ ❜r❡❛❞t❤✳
❚❤✐s ✐♠♣r♦✈❡♠❡♥t ✐s ♠♦st ♠❛r❦❡❞ ✐♥ P●❚✶✹✺ ❉❯✸✵✸✳



❋✐❣✉r❡ ❙✺✿ ❉✐✛❡r❡♥❝❡ ❞❡♥❞r♦❣r❛♠s s❤♦✇ ♣❛tt❡r♥s ♦❢ ♥❡✉tr❛❧✐③❛t✐♦♥ r❡❧❛t✐✈❡ t♦ ✇✐❧❞✲t②♣❡✱
r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❚❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ✭❢♦❧❞✲❞❡❝r❡❛s❡ ✐♥ ■❈50✮ ❜❡t✇❡❡♥ ❡❛❝❤ ❛♥t✐❜♦❞②
❛♥❞ ✐ts ✇✐❧❞✲t②♣❡ ❛♥❝❡st♦r ❛r❡ s❤♦✇♥ ✉s✐♥❣ ❞✐✛❡r❡♥❝❡ ❞❡♥❞r♦❣r❛♠s ❢♦r ❛❧❧ ❧❛r❣❡✲♣❛♥❡❧ ✈✐r✉s❡s ❢♦r ✈❛r✐❛♥ts
❉❯✸✵✸ ✭❆✮✱ P●✾❘❙❍ ◆✭✶✵✵❢✮❨ ✭❇✮✱ ❛♥❞ ❉❯✵✷✺ ✭❈✮✱ ❛♥❞ r❡s♣❡❝t✐✈❡❧②✳ Ps❡✉❞♦✈✐r✉s❡s ❛r❡ ❣r♦✉♣❡❞ ✐♥t♦
❝❧❛❞❡s ❜② s❡q✉❡♥❝❡ s✐♠✐❧❛r✐t②✱ ❢♦r♠✐♥❣ ❛ tr❡❡ ❣r❛♣❤✳ ■♥t❡r♥❛❧ ❜r❛♥❝❤❡s ✐♥ t❤❡ tr❡❡✱ ✇❤✐❝❤ ❞❡♥♦t❡ ❣r♦✉♣s
♦❢ ✈✐r✉s❡s✱ ❛r❡ ❝♦❧♦r❡❞ ❣r❛②✳ ❚❡r♠✐♥❛❧ ❜r❛♥❝❤❡s✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ s✐♥❣❧❡ ♣s❡✉❞♦✈✐r✉s✱ ❛r❡ ❝♦❧♦r❡❞ ❜② t❤❡
❢♦❧❞✲❞❡❝r❡❛s❡ ✐♥ ■❈50 r❡❧❛t✐✈❡ t♦ t❤❡ ✇✐❧❞✲t②♣❡ ❛♥t✐❜♦❞②✱ ✇❤❡r❡ ❢♦❧❞✲✐♥❝r❡❛s❡s ✐♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ♣♦t❡♥❝②
❛r❡ ✐♥❞✐❝❛t❡❞ ❜② ❛ ❣r❛❞✐❡♥t ♦❢ ❣r❛② ✭< 2✲❢♦❧❞✮ t♦ ♦r❛♥❣❡ ✭✷✲✶✵ ❢♦❧❞✮ t♦ ❞❛r❦ r❡❞ ✭> 10✲❢♦❧❞✮✱ ❛♥❞ ❞❡❝r❡❛s❡s
✐♥ ♣♦t❡♥❝② ❜② ❛ ❣r❛❞✐❡♥t ♦❢ ❧✐❣❤t ♣✉r♣❧❡ ✭✵✳✶✲✵✳✺ ❢♦❧❞✮ t♦ ❞❛r❦ ♣✉r♣❧❡ ✭< 0.1✲❢♦❧❞✮✳ ❆✮ ❉❯✸✵✸ ❡①❤✐❜✐ts
✐♥❝r❡❛s❡❞ ♥❡✉tr❛❧✐③❛t✐♦♥ ❢♦r ♠❛♥② ✈✐r✉s❡s ✐♥ ❝❧❛❞❡s ❈✴❇❈✱ ❆●✱ ❆✴❆❈❉✴❆❉✱ ❆❊✱ ❛♥❞ ❉✴❈❉✱ ❜✉t s❤♦✇s
❞❡❝r❡❛s❡s ✐♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ❢♦r ✈✐r✉s❡s ✐♥ ❝❧❛❞❡ ❇✳ ❇✮ P●✾❘❙❍ ◆✭✶✵✵❢✮❨ ✐♥❝r❡❛s❡s ✈✐r✉s ♥❡✉tr❛❧✐③❛t✐♦♥
❢♦r ❛❧♠♦st ❛❧❧ ❝❧❛❞❡s✱ ✇✐t❤ t❤❡ ♣♦ss✐❜❧❡ ❡①❝❡♣t✐♦♥ ♦❢ ❝❧❛❞❡ ❆✴❆❈❉✴❆❉✳ ❇♦t❤ t❤❡ ♥✉♠❜❡r ♦❢ ✈✐r✉s❡s ✇✐t❤
✐♠♣r♦✈❡❞ ♥❡✉tr❛❧✐③❛t✐♦♥ ❛♥❞ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❝❤❛♥❣❡s ✐♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ❛r❡ ❧❡ss t❤❛♥ ❢♦r ❉❯✸✵✸✳ ❈✮
❉❯✵✷✺ ❡①❤✐❜✐ts ✐♥❝r❡❛s❡❞ ♥❡✉tr❛❧✐③❛t✐♦♥ ❢♦r s♦♠❡ ✈✐r✉s❡s ✐♥ ❛❧❧ ❝❧❛❞❡s✱ ❛❧t❤♦✉❣❤ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡s❡
❝❤❛♥❣❡s ✐s ❧❡ss t❤❛♥ ❢♦r ❉❯✸✵✸✳



❋✐❣✉r❡ ❙✻✿ ❋♦❧❞ ❞❡❝r❡❛s❡ ✐♥ ■❈50 ♦✈❡r ✇✐❧❞✲t②♣❡ ❜② ♣s❡✉❞♦✈✐r✉s✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❉❛t❛
❢r♦♠ ❧❛r❣❡ ♥❡✉tr❛❧✐③❛t✐♦♥ ♣❛♥❡❧ ❡①❝❧✉❞✐♥❣ ♣s❡✉❞♦✈✐r✉s❡s ❢♦r ✇❤✐❝❤ ❛♥t✐❜♦❞② ✈❛r✐❛♥t ♦r ✇✐❧❞✲t②♣❡ ■❈50 >

✺✵ µ❣✴♠▲✳ ❈♦❧♦r❡❞ ❜② ♣s❡✉❞♦✈✐r✉s ❝❧❛❞❡✳ P✉r♣❧❡ ❞♦tt❡❞ ❧✐♥❡ ✐♥❞✐❝❛t❡s ❛ ❢♦❧❞✲❝❤❛♥❣❡ ♦❢ ✶✱ ♦r ♥♦ ❝❤❛♥❣❡✳
❍♦r✐③♦♥t❛❧ ❜❧❛❝❦ ❧✐♥❡s ✐♥❞✐❝❛t❡ t❤❡ ❣❡♦♠❡tr✐❝ ♠❡❛♥ ❢♦r ❡❛❝❤ ✈❛r✐❛♥t✳



✭❆✮ P●✾❘❙❍ ◆✭✶✵✵❢✮❨ ✭❇✮ ❉❯✷✺

✭❈✮ ❉❯✸✵✸

❋✐❣✉r❡ ❙✼✿ ❋♦❧❞ ❞❡❝r❡❛s❡ ■❈✺✵ ❜② ❝❧❛❞❡✱ ❤✐st♦❣r❛♠✳ ❉♦tt❡❞ ✈❡rt✐❝❛❧ ❧✐♥❡ ✐♥❞✐❝❛t❡s ♥♦
❝❤❛♥❣❡✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❘✐❣❤t✇❛r❞ ❞✐str✐❜✉t✐♦♥ s❤✐❢t ✐♥❞✐❝❛t❡s ✐♠♣r♦✈❡♠❡♥t✳



❚❛❜❧❡ ❙✼✿ ❙✉♠♠❛r② ♦❢ ❧❛r❣❡✲♣❛♥❡❧ ♥❡✉tr❛❧✐③❛t✐♦♥ r❡s✉❧ts ✭■❈50✮✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳

◆✭✶✵✵❢✮❨✶✱✸❉❯✵✷✺ P●✾❘❙❍ ❉❯✸✵✸ P●❚✶✹✺ P●❉▼✶✹✵✵

★ ❱❙ ❆ss❛②❡❞ ✷✵✽ ✷✵✽ ✷✵✽ ✷✵✽ ✷✵✽ ✷✵✽

★
❱
❙
◆
❡✉
t✳ ■❈50 ✺✵ µ❣✴♠▲ ✶✼✸ ✶✽✶ ✶✻✾ ✶✻✹ ✶✺✼ ✶✻✼

■❈50 ❁✶✵ µ❣✴♠▲ ✶✻✺ ✶✻✺ ✶✻✽ ✶✺✸ ✶✹✺ ✶✻✹
■❈50 ❁✶✳✵ µ❣✴♠▲ ✶✺✻ ✶✺✸ ✶✹✸ ✶✸✼ ✶✶✹ ✶✺✺
■❈50 ❁✵✳✶ µ❣✴♠▲ ✶✷✺ ✶✷✽ ✶✵✹ ✶✶✸ ✾✶ ✶✷✹
■❈50 ❁✵✳✵✶ µ❣✴♠▲ ✺✷ ✻✻ ✹✽ ✻✶ ✹✸ ✻✽

✪
❱
❙
◆
❡✉
t✳ ■❈50 ❁✺✵ µ❣✴♠▲ ✽✸ ✽✼ ✽✶ ✼✾ ✼✺ ✽✵

■❈50 ❁✶✵ µ❣✴♠▲ ✼✾ ✼✾ ✽✶ ✼✹ ✼✵ ✼✾
■❈50 ❁✶✳✵ µ❣✴♠▲ ✼✺ ✼✹ ✻✾ ✻✻ ✺✺ ✼✺
■❈50 ❁✵✳✶ µ❣✴♠▲ ✻✵ ✻✷ ✺✵ ✺✹ ✹✹ ✻✵
■❈50 ❁✵✳✵✶ µ❣✴♠▲ ✷✺ ✸✷ ✷✸ ✷✾ ✷✶ ✸✸

▼❡❞✐❛♥ ■❈50
✷ ✵✳✵✷✺ ✵✳✵✶✼ ✵✳✵✹✼ ✵✳✵✷✹ ✵✳✵✺✸ ✵✳✵✶✹

▼❡❛♥ ■❈50
✶ ✵✳✵✹✵ ✵✳✵✸✺ ✵✳✵✹✽ ✵✳✵✸✽ ✵✳✵✽✻ ✵✳✵✷✹

✶ ●❡♦♠❡tr✐❝ ♠❡❛♥ ❝❛❧❝✉❧❛t❡❞ ❢♦r s❛♠♣❧❡s ✇✐t❤ ■❈50 < 50 µ❣✴♠▲✳
✷ ▼❡❞✐❛♥ ❝❛❧❝✉❧❛t❡❞ ❢♦r s❛♠♣❧❡s ✇✐t❤ ■❈50 < 50 µ❣✴♠▲✳
✸ ❱❛r✐❛♥t ♦❢ P●✾❘❙❍✳

❚❛❜❧❡ ❙✽✿ ❙✉♠♠❛r② ♦❢ ❧❛r❣❡✲♣❛♥❡❧ ♥❡✉tr❛❧✐③❛t✐♦♥ r❡s✉❧ts ✭■❈80✮✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳

◆✭✶✵✵❢✮❨✶✱✸❉❯✵✷✺ P●✾❘❙❍ ❉❯✸✵✸ P●❚✶✹✺ P●❉▼✶✹✵✵

★ ❱❙ ❆ss❛②❡❞ ✷✵✽ ✷✵✽ ✷✵✽ ✷✵✽ ✷✵✽ ✷✵✽

★
❱
❙
◆
❡✉
t✳ ■❈80 ✺✵ µ❣✴♠▲ ✶✺✷ ✶✺✻ ✶✺✹ ✶✹✶ ✶✷✹ ✶✺✸

■❈80 ❁✶✵ µ❣✴♠▲ ✶✹✷ ✶✹✻ ✶✹✸ ✶✷✾ ✶✵✼ ✶✹✾
■❈80 ❁✶✳✵ µ❣✴♠▲ ✶✷✾ ✶✸✵ ✶✶✵ ✶✶✸ ✽✶ ✶✸✶
■❈80 ❁✵✳✶ µ❣✴♠▲ ✽✹ ✾✷ ✺✻ ✼✷ ✹✺ ✾✶
■❈80 ❁✵✳✵✶ µ❣✴♠▲ ✷✷ ✸✶ ✶✺ ✷✾ ✶✵ ✸✹

✪
❱
❙
◆
❡✉
t✳ ■❈80 ❁✺✵ µ❣✴♠▲ ✼✸ ✼✺ ✼✹ ✻✽ ✻✵ ✼✹

■❈80 ❁✶✵ µ❣✴♠▲ ✻✾ ✼✵ ✻✾ ✻✷ ✺✶ ✼✷
■❈80 ❁✶✳✵ µ❣✴♠▲ ✻✷ ✻✸ ✺✸ ✺✹ ✸✾ ✻✸
■❈80 ❁✵✳✶ µ❣✴♠▲ ✹✵ ✹✹ ✷✼ ✸✺ ✷✷ ✹✹
■❈80 ❁✵✳✵✶ µ❣✴♠▲ ✶✶ ✶✺ ✼ ✶✹ ✺ ✶✻

▼❡❞✐❛♥ ■❈80
✷ ✵✳✵✽✻ ✵✳✵✺✽ ✵✳✷✷✼ ✵✳✵✾✵ ✵✳✷✼✻ ✵✳✵✹✼

▼❡❛♥ ■❈80
✶ ✵✳✶✵✻ ✵✳✵✼✽ ✵✳✷✸✻ ✵✳✶✶✻ ✵✳✸✹✸ ✵✳✵✻✾

✶ ●❡♦♠❡tr✐❝ ♠❡❛♥ ❝❛❧❝✉❧❛t❡❞ ❢♦r s❛♠♣❧❡s ✇✐t❤ ■❈80 < 50 µ❣✴♠▲✳
✷ ▼❡❞✐❛♥ ❝❛❧❝✉❧❛t❡❞ ❢♦r s❛♠♣❧❡s ✇✐t❤ ■❈80 < 50 µ❣✴♠▲✳
✸ ❱❛r✐❛♥t ♦❢ P●✾❘❙❍✳



❚❛❜❧❡ ❙✾✿ ❱✐r✉s❡s ✇✐t❤ t❤❡ ❧❛r❣❡st ❞✐✛❡r❡♥❝❡s ✐♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ✭■❈50✮ ❜❡t✇❡❡♥ ✇✐❧❞✲t②♣❡ ✭❲❚✮
❛♥❞ ✈❛r✐❛♥t ❛♥t✐❜♦❞✐❡s✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳

❱✐r✉s ❈❧❛❞❡ ❆❜ ✈❛r✐❛♥t ❲❚ ■❈50
✶ ❱❛r✐❛♥t ■❈50

✶ ❋♦❧❞✲❝❤❛♥❣❡

❩▼✷✸✸✳✻ ❈ P●✾❘❙❍ ❉❯✵✷✺ 0.11 0.001 ✶✶✵
◗✷✺✾✳✶✼ ❆ P●❚✶✹✺ ❉❯✸✵✸ 45.0 0.392 ✶✶✺
✷✹✻✲❋✸✳❈✶✵✳✷ ❆❈ P●❚✶✹✺ ❉❯✸✵✸ 17.4 0.086 ✷✵✷
❈❍✵✸✽✳✶✷ ❇❈ P●❚✶✹✺ ❉❯✸✵✸ 46.5 0.204 ✷✷✽
✶✻✾✸✻✲✷✳✷✶ ❈ P●❚✶✹✺ ❉❯✸✵✸ 5.14 0.008 ✻✹✸
❈❆P✷✺✻✳✷✵✻✳❈✾ ❈ P●❚✶✹✺ ❉❯✸✵✸ 3.95 0.004 ✾✽✽
✶✾✶✽✷✶✳❊✻✳✶ ❉ P●❚✶✹✺ ❉❯✸✵✸ 3.35 0.029 ✶✶✻
✶ ■❈50 ✈❛❧✉❡s ✐♥ µ❣✴♠▲✳



❚❛❜❧❡ ❙✶✵✿ ❘❡s✉❧ts ♦❢ ✭✺✲t✐♠❡s✮ r❡♣❡❛t❡❞✱ ♥❡st❡❞ ✶✵✲❢♦❧❞ ❈❱✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ■♥♥❡r ✶✵✲❢♦❧❞
❝r♦ss✲✈❛❧✐❞❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ t♦ t✉♥❡ ❤②♣❡r♣❛r❛♠❡t❡rs✱ ❤②♣❡r♣❛r❛♠❡t❡r ❝❤♦✐❝❡s ✇❡r❡ ❡✈❛❧✉❛t❡❞
❜② ❆❯❈✳

❜◆❆❜ ♠♦❞❡❧ ❘❖❈ ❆❯❈ ❆❝❝✉r❛❝② ❋✶ ❙❝♦r❡

❉❯✸✵✸ 0.807± 0.128 0.732± 0.086 0.823± 0.054
P●✾❘❙❍ ◆✭✶✵✵❢✮❨ 0.521± 0.134 0.596± 0.085 0.721± 0.076
❉❯✵✷✺ 0.571± 0.134 0.767± 0.051 0.864± 0.038

✭❆✮ ❘❖❈ ❝✉r✈❡s ❢♦r ❉❯✸✵✸ ♠♦❞❡❧✳ ✭❇✮ ❘❖❈ ❝✉r✈❡s ❢♦r P●✾❘❙❍
◆✭✶✵✵❢✮❨ ♠♦❞❡❧✳

✭❈✮ ❘❖❈ ❝✉r✈❡s ❢♦r P●✾❘❙❍
◆✭✶✵✵❢✮❨ ♠♦❞❡❧✳

❋✐❣✉r❡ ❙✽✿ ❘❖❈ ❝✉r✈❡s ❢♦r r❡♣❡❛t❡❞✱ ♥❡st❡❞ ❝r♦ss✲✈❛❧✐❞❛t✐♦♥ ♦❢ ♠♦❞❡❧s✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳
▼♦❞❡❧s ✇❡r❡ ❡✈❛❧✉❛t❡❞ ✉s✐♥❣ ✭✺✲t✐♠❡s✮ r❡♣❡❛t❡❞✱ ✶✵✲❢♦❧❞ ♥❡st❡❞ ❝r♦ss✲✈❛❧✐❞❛t✐♦♥✳ ❘❖❈ ❝✉r✈❡s ❢♦r ♦✉t❡r
❝r♦ss✲✈❛❧✐❞❛t✐♦♥ st❡♣s ❛r❡ s❤♦✇♥ ❛s ❜❧✉❡ tr❛❝❡s✳ ❚❤❡ ♠❡❛♥ ❘❖❈ ❝✉r✈❡ ♦✈❡r ❛❧❧ ♦✉t❡r ❝r♦ss✲✈❛❧✐❞❛t✐♦♥
st❡♣s ✐s s❤♦✇♥ ❛s ❛ ❜❧❛❝❦ tr❛❝❡✱ ✇✐t❤ s❤❛❞❡❞ ❣r❛② ❛r❡❛s r❡♣r❡s❡♥t✐♥❣ ± ✶ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳ ▼♦❞❡❧s ❢♦r
❉❯✸✵✸ ✭❆✮ ❣✐✈❡ ❣♦♦❞ ♣r❡❞✐❝t✐✈❡ ♣♦✇❡r ♦♥ ❛✈❡r❛❣❡✱ ✇❤✐❧❡ ♠♦❞❡❧s ❢♦r P●✾❘❙❍ ◆✭✶✵✵❢✮❨ ✭❇✮ ❛♥❞ ❉❯✵✷✺
✭❈✮ ❢❛✐❧ t♦ ❝❛♣t✉r❡ ♠❡❛♥✐♥❣❢✉❧ ♣❛tt❡r♥s✳



❋✐❣✉r❡ ❙✾✿ ❱❛r✐❛❜❧❡ ✐♠♣♦rt❛♥❝❡s ❢♦r ❉❯✸✵✸ ❜◆❆❜ ♠♦❞❡❧✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❊♥✈ r❡s✐❞✉❡s
❑✶✻✾ ❛♥❞ ❘✶✻✾ ❛r❡ ✐♠♣♦rt❛♥t ❢❡❛t✉r❡s ❢♦r ♣r❡❞✐❝t✐♥❣ ❝❤❛♥❣❡ ✐♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ❜❡t✇❡❡♥ P●❚✶✹✺ ❛♥❞
❉❯✸✵✸✱ ✐♥❞✐❝❛t❡❞ ❜② t✇♦ s❡♣❛r❛t❡ ✈❛r✐❛❜❧❡ ✐♠♣♦rt❛♥❝❡ ♠❡❛s✉r❡s✳ ✭❆✮ ❘❡s✐❞✉❡s r❛♥❦❡❞ ❜② ♠❡❛♥ ❞❡❝r❡❛s❡
✐♥ ✐♠♣✉r✐t② ✭▼❉■✮✳ ❚❤❡ ▼❉■ ♦❢ ❛ ❢❡❛t✉r❡ ✐s t❤❡ t♦t❛❧ r❡❞✉❝t✐♦♥ ✐♥ ❋r✐❡❞♠❛♥ ♠❡❛♥ sq✉❛r❡❞ ❡rr♦r✶ ❢♦r
❡❛❝❤ tr❡❡✲♥♦❞❡ t❤❛t ❝♦♥t❛✐♥s t❤❛t ❢❡❛t✉r❡✱ ❛✈❡r❛❣❡❞ ♦✈❡r ❛❧❧ ❞❡❝✐s✐♦♥ tr❡❡s ✐♥ t❤❡ ❡♥s❡♠❜❧❡✳ ✭❇✮ ❘❡s✐❞✉❡s
r❛♥❦❡❞ ❜② ♣❡r♠✉t❛t✐♦♥ ✐♠♣♦rt❛♥❝❡ ✭P■✮✳ ❚❤❡ ♣❡r♠✉t❛t✐♦♥ ✐♠♣♦rt❛♥❝❡ ♠❡❛s✉r❡s t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❧♦ss
❢✉♥❝t✐♦♥ ❝r❡❛t❡❞ ❜② r❛♥❞♦♠❧② ♣❡r♠✉t✐♥❣ ❛ ❢❡❛t✉r❡✷✳ ❚❤✐s ❝❛❧❝✉❧❛t✐♦♥ ✇❛s r❡♣❡❛t❡❞ ✶✵ t✐♠❡s ❢♦r ❡❛❝❤
❢❡❛t✉r❡✳ ❘❡♣❧✐❝❛t❡s ❛r❡ ✈✐s✉❛❧✐③❡❞ ✉s✐♥❣ ❜♦①✲❛♥❞✲✇❤✐s❦❡r ♣❧♦ts ✐♥ ✇❤✐❝❤ ❜♦①❡s ❡①t❡♥❞ ❢r♦♠ t❤❡ ✜rst t♦
t❤✐r❞ q✉❛rt✐❧❡s ♦❢ t❤❡ ❞❛t❛✱ ❛♥❞ ✇❤✐s❦❡rs ❡①t❡♥❞ ❜② ✶✳✺① t❤❡ ✐♥t❡r✲q✉❛rt✐❧❡ r❛♥❣❡✳



❋✐❣✉r❡ ❙✶✵✿ ❉✐str✐❜✉t✐♦♥ ♦❢ ❝❤❛♥❣❡s ✐♥ ✈✐r❛❧ ♥❡✉tr❛❧✐③❛t✐♦♥ ❤✐❣❤❧✐❣❤ts t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❊♥✈
r❡s✐❞✉❡ ✶✻✾ ❢♦r ♥❡✉tr❛❧✐③❛t✐♦♥ ❜② ❉❯✸✵✸✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ●❛✉ss✐❛♥ ❦❡r♥❡❧ ❞❡♥s✐t② ❡st✐♠❛t✐♦♥
✇❛s ♣❡r❢♦r♠❡❞ ♦♥ ❞❛t❛ ❢r♦♠ ❧❛r❣❡✲♣❛♥❡❧ ♥❡✉tr❛❧✐③❛t✐♦♥ ❛ss❛②s t♦ ❡st✐♠❛t❡ ♣r♦❜❛❜✐❧✐t② ❞✐str✐❜✉t✐♦♥s ♦✈❡r
t❤❡ ❝❤❛♥❣❡ ✐♥ ✈✐r❛❧ ♥❡✉tr❛❧✐③❛t✐♦♥ ❜❡t✇❡❡♥ ✇✐❧❞✲t②♣❡ P●❚✶✹✺ ❛♥❞ ✈❛r✐❛♥t ❉❯✸✵✸✳ Pr♦❜❛❜✐❧✐t② ✐s s❤♦✇♥
♦♥ t❤❡ ②✲❛①✐s✱ ❢♦❧❞✲❞❡❝r❡❛s❡ ✐♥ ■❈50 s❤♦✇♥ ♦♥ t❤❡ ①✲❛①✐s✳ ◆♦ ❝❤❛♥❣❡ ✐♥ ♥❡✉tr❛❧✐③❛t✐♦♥ ✭100 ❢♦❧❞✲❞❡❝r❡❛s❡✮
✐s ✐♥❞✐❝❛t❡❞ ✇✐t❤ ❛ ♣✉r♣❧❡✱ ❞❛s❤❡❞ ✈❡rt✐❝❛❧ ❧✐♥❡✳ ❆✮ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦✈❡r ❛❧❧ ✈✐r✉s❡s ✇✐t❤ ♥❡✉tr❛❧✐③❛t✐♦♥
❧❡ss t❤❛♥ ✺✵ µ❣✴♠▲ ✭♣✐♥❦✮ ✐s s❤✐❢t❡❞ t♦ t❤❡ r✐❣❤t ♦❢ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t✱ ✐♥ ❣❡♥❡r❛❧✱ ✈✐r✉s❡s
❛r❡ ♥❡✉tr❛❧✐③❡❞ ♠♦r❡ ♣♦t❡♥t❧② ❜② t❤❡ ❉❯✸✵✸ ✈❛r✐❛♥t t❤❛♥ ✇✐❧❞✲t②♣❡ P●❚✶✹✺✳ ❍♦✇❡✈❡r✱ t❤❡ ♣r❡s❡♥❝❡ ♦❢
❛ s❤♦✉❧❞❡r ❛♥❞ ❧♦♥❣ ❧❡❢t ❞✐str✐❜✉t✐♦♥ t❛✐❧ s✉❣❣❡sts t❤❛t t❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t ♣♦♣✉❧❛t✐♦♥ ♦❢ ✈✐r✉s❡s t❤❛t
❛r❡ ♥❡✉tr❛❧✐③❡❞ ❧❡ss✲♣♦t❡♥t❧② ❜② ❉❯✸✵✸✳ ❇✮ ❉✐str✐❜✉t✐♦♥s ♦✈❡r ✈✐r✉s❡s ✇✐t❤ ❊♥✈ ♣r♦t❡✐♥s t❤❛t ❝♦♥t❛✐♥
❛ ♣♦s✐t✐✈❡❧②✲❝❤❛r❣❡❞ r❡s✐❞✉❡ ❛t ♣♦s✐t✐♦♥ ✶✻✾ ✭s❤♦✇♥ ✐♥ ❣r❡❡♥✮✱ ♦r ✈✐r✉s❡s ✇✐t❤♦✉t ❛ ♣♦s✐t✐✈❡❧②✲❝❤❛r❣❡❞
r❡s✐❞✉❡ ❛t ❊♥✈ ♣♦s✐t✐♦♥ ✶✻✾ ✭s❤♦✇♥ ✐♥ ❜❧✉❡✮ ❛r❡ ✇❡❧❧✲s❡♣❛r❛t❡❞✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡
❛♠✐♥♦✲❛❝✐❞ ❛t t❤✐s ♣♦s✐t✐♦♥ t♦ t❤❡ ♥❡✉tr❛❧✐③❛t✐♦♥ ❜② ❉❯✸✵✸✳ Pr❡❞✐❝t✐✈❡ ♠♦❞❡❧s ✭❋✐❣✉r❡ ❙✾✮ r❡❧② ❤❡❛✈✐❧②
♦♥ t❤✐s ❝♦rr❡❧❛t✐♦♥✳



❚❛❜❧❡ ❙✶✶✿ ❈r②♦✲❊▼ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ❛♥❞ r❡✜♥❡♠❡♥t st❛t✐st✐❝s✱ r❡❧❛t❡❞ t♦ ❙❚❆❘ ▼❡t❤♦❞s✳

P●✾❘❙❍
◆✭✶✵✵❢✮❨
❇●✺✵✺
❉❙✲❙❖❙■P✳✻✻✹

P●✾❘❙❍
❉❯✵✷✺ ❇●✺✵✺
❉❙✲❙❖❙■P✳✻✻✹

P●❚✶✹✺ ❉❯✸✵✸
❇●✺✵✺
❉❙✲❙❖❙■P✳✻✻✹

❊▼❉❇ ■❉ ❊▼❉✲✷✾✷✹✽ ❊▼❉✲✷✾✷✻✹ ❊▼❉✲✷✾✷✽✽
P❉❇ ■❉ ✽❋❑✺ ✽❋▲✶ ✽❋▲❲

▼✐❝r♦s❝♦♣❡ ❋❊■ ❚✐t❛♥ ❑r✐♦s ❋❊■ ❚✐t❛♥ ❑r✐♦s ❋❊■ ❚✐t❛♥ ❑r✐♦s
❱♦❧t❛❣❡ ✭❦❱✮ ✸✵✵ ✸✵✵ ✸✵✵
❊❧❡❝tr♦♥ ❞♦s❡ ✭❡−/➴

2

✮ ✻✸✳✼✺ ✻✸✳✼✺ ✻✸✳✼✺
❉❡t❡❝t♦r ●❛t❛♥ ❑✸ ●❛t❛♥ ❑✸ ●❛t❛♥ ❑✸
P✐①❡❧ s✐③❡ ✭➴✮ ✶✳✵✽✸ ✶✳✵✽✸ ✶✳✵✽✸
❉❡❢♦❝✉s r❛♥❣❡ ✭µ♠✮ ✲✵✳✽ t♦ ✲✷✳✺ ✲✵✳✽ t♦ ✲✷✳✺ ✲✵✳✽ t♦ ✲✷✳✺
▼❛❣♥✐✜❝❛t✐♦♥ ✽✶✱✵✵✵ ✽✶✱✵✵✵ ✽✶✱✵✵✵

❙♦❢t✇❛r❡ ❝r②♦❙♣❛r❝ ❱✸✳✶ ❝r②♦❙♣❛r❝ ❱✸✳✶ ❝r②♦❙♣❛r❝ ❱✸✳✶
P❛rt✐❝❧❡s ✷✸✵✱✶✽✵ ✶✵✹✱✻✻✺ ✶✵✼✱✼✺✸
❙②♠♠❡tr② ❈✶ ❈✶ ❈✶
❇♦① s✐③❡ ✭♣✐①✮ ✸✹✵ ✸✹✵ ✸✹✵
❘❡s♦❧✉t✐♦♥ ✭➴✮ ✭❋❙❈0.143✮ ✸✳✹✵ ✸✳✼✺ ✸✳✺✽

❙♦❢t✇❛r❡ P❤❡♥✐① ✶✳✶✾ P❤❡♥✐① ✶✳✶✾ P❤❡♥✐① ✶✳✶✾
Pr♦t❡✐♥ r❡s✐❞✉❡s ✶✱✾✼✺ ✶✱✾✼✷ ✶✱✾✼✶
❈❤✐♠❡r❛ ❈❈ ✼✽ ✼✾ ✼✻
❊▼❘✐♥❣❡r s❝♦r❡ ✷✳✻✼ ✷✳✷✼ ✸✳✵✶
❘✳▼✳❙✳ ❞❡✈✐❛t✐♦♥s
❇♦♥❞ ❧❡♥❣t❤s ✭➴✮ ✵✳✵✵✸ ✵✳✵✵✷ ✵✳✵✵✷
❇♦♥❞ ❛♥❣❧❡s ✭◦✮ ✵✳✹✻✾ ✵✳✹✻✵ ✵✳✺✸✽

▼♦❧♣r♦❜✐t② s❝♦r❡ ✶✳✹✸ ✶✳✷✽ ✶✳✹✺
❈❧❛s❤ s❝♦r❡ ✸✳✼✻ ✸✳✾✵ ✸✳✸✼
❋❛✈♦r❡❞ r♦t❛♠❡rs ✭✪✮ ✾✾✳✼✼ ✶✵✵ ✾✾✳✾✹
❘❛♠❛❝❤❛♥❞r❛♥
❋❛✈♦r❡❞ r❡❣✐♦♥s ✭✪✮ ✾✻✳✶✷ ✾✼✳✹✼ ✾✺✳✸✸
❉✐s❛❧❧♦✇❡❞ r❡❣✐♦♥s ✭✪✮ ✵✳✵✺ ✵✳✵✵ ✵✳✵✵



❋✐❣✉r❡ ❙✶✶✿ ❈r②♦✲❊▼ ❉❡t❛✐❧s ♦❢ P●✾❘❙❍ ❉❯✸✵✸ ✐♥ ❝♦♠♣❧❡① ✇✐t❤ ❇●✺✵✺ ❉❙✲❙❖❙■P✳✻✻✹✱
r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❆✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ♠✐❝r♦❣r❛♣❤ ❛♥❞ ❝♦♥tr❛st tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭❈❚❋✮ ♦❢ ♠✐❝r♦❣r❛♣❤✳
❇✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ✷❉ ❝❧❛ss ❛✈❡r❛❣❡s✳ ❈✮ ❍❡❛t♠❛♣ ♦❢ ♦r✐❡♥t❛t✐♦♥s ♦❢ ❛❧❧ ♣❛rt✐❝❧❡s ✉s❡❞ ✐♥ t❤❡ ✜♥❛❧
r❡✜♥❡♠❡♥t✳ ❉✮ ❚❤❡ ❣♦❧❞✲st❛♥❞❛r❞ ❋♦✉r✐❡r s❤❡❧❧ ❝♦rr❡❧❛t✐♦♥ ✭❋❙❈✮ r❡s✉❧ts ✐♥ ❛ r❡s♦❧✉t✐♦♥ ♦❢ ✸✳✺✽ ➴ ✉s✐♥❣
♥♦♥✲✉♥✐❢♦r♠ r❡✜♥❡♠❡♥t ✇✐t❤ ❈✸ s②♠♠❡tr②✳ ❊✮ ❚❤❡ ❧♦❝❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❢✉❧❧ ♠❛♣ ❣❡♥❡r❛t❡❞ ✇✐t❤
❝r②♦❙P❆❘❈ ✉s✐♥❣ ❛♥ ❋❙❈ ♦❢ ✵✳✺✳



❋✐❣✉r❡ ❙✶✷✿ ❈r②♦✲❊▼ ❉❡t❛✐❧s ♦❢ P●✾❘❙❍ ◆✭✶✵✵❢✮❨ ✐♥ ❝♦♠♣❧❡① ✇✐t❤ ❇●✺✵✺ ❉❙✲
❙❖❙■P✳✻✻✹✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❆✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ♠✐❝r♦❣r❛♣❤ ❛♥❞ ❝♦♥tr❛st tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭❈❚❋✮
♦❢ ♠✐❝r♦❣r❛♣❤✳ ❇✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ✷❉ ❝❧❛ss ❛✈❡r❛❣❡s✳ ❈✮ ❍❡❛t♠❛♣ ♦❢ ♦r✐❡♥t❛t✐♦♥s ♦❢ ❛❧❧ ♣❛rt✐❝❧❡s ✉s❡❞ ✐♥
t❤❡ ✜♥❛❧ r❡✜♥❡♠❡♥t✳ ❉✮ ❚❤❡ ❣♦❧❞✲st❛♥❞❛r❞ ❋♦✉r✐❡r s❤❡❧❧ ❝♦rr❡❧❛t✐♦♥ ✭❋❙❈✮ r❡s✉❧ts ✐♥ ❛ r❡s♦❧✉t✐♦♥ ♦❢ ✸✳✹✵
➴ ✉s✐♥❣ ♥♦♥✲✉♥✐❢♦r♠ r❡✜♥❡♠❡♥t ✇✐t❤ ❈✸ s②♠♠❡tr②✳ ❊✮ ❚❤❡ ❧♦❝❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❢✉❧❧ ♠❛♣ ❣❡♥❡r❛t❡❞
✇✐t❤ ❝r②♦❙P❆❘❈ ✉s✐♥❣ ❛♥ ❋❙❈ ♦❢ ✵✳✺✳



❋✐❣✉r❡ ❙✶✸✿ ❈r②♦✲❊▼ ❉❡t❛✐❧s ♦❢ P●✾❘❙❍ ❉❯✵✷✺ ✐♥ ❝♦♠♣❧❡① ✇✐t❤ ❇●✺✵✺ ❉❙✲❙❖❙■P✳✻✻✹✱
r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❆✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ♠✐❝r♦❣r❛♣❤ ❛♥❞ ❝♦♥tr❛st tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭❈❚❋✮ ♦❢ ♠✐❝r♦❣r❛♣❤✳
❇✮ ❘❡♣r❡s❡♥t❛t✐✈❡ ✷❉ ❝❧❛ss ❛✈❡r❛❣❡s✳ ❈✮ ❍❡❛t♠❛♣ ♦❢ ♦r✐❡♥t❛t✐♦♥s ♦❢ ❛❧❧ ♣❛rt✐❝❧❡s ✉s❡❞ ✐♥ t❤❡ ✜♥❛❧
r❡✜♥❡♠❡♥t✳ ❉✮ ❚❤❡ ❣♦❧❞✲st❛♥❞❛r❞ ❋♦✉r✐❡r s❤❡❧❧ ❝♦rr❡❧❛t✐♦♥ ✭❋❙❈✮ r❡s✉❧ts ✐♥ ❛ r❡s♦❧✉t✐♦♥ ♦❢ ✸✳✼✺ ➴ ✉s✐♥❣
♥♦♥✲✉♥✐❢♦r♠ r❡✜♥❡♠❡♥t ✇✐t❤ ❈✸ s②♠♠❡tr②✳ ❊✮ ❚❤❡ ❧♦❝❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❢✉❧❧ ♠❛♣ ❣❡♥❡r❛t❡❞ ✇✐t❤
❝r②♦❙P❆❘❈ ✉s✐♥❣ ❛♥ ❋❙❈ ♦❢ ✵✳✺✳



✭❆✮ ❊❧❡❝tr♦♥ ❞❡♥s✐t② ✐s♦s✉r❢❛❝❡s ✭♠❛♣ ✶✮ ❛♥❞ ❛t♦♠✐❝ ♠♦❞❡❧ ❛r♦✉♥❞ P●❚✶✹✺ ❉❯✸✵✸ r❡s✐❞✉❡ ❉✭✶✵✵❧✮✳

✭❇✮ ❊❧❡❝tr♦♥ ❞❡♥s✐t② ✐s♦s✉r❢❛❝❡s ✭♠❛♣ ✷✮ ❛♥❞ ❛t♦♠✐❝ ♠♦❞❡❧ ❛r♦✉♥❞ P●❚✶✹✺ ❉❯✸✵✸ r❡s✐❞✉❡ ❉✭✶✵✵❧✮✳

❋✐❣✉r❡ ❙✶✹✿ ❈r②♦✲❊▼ ❞❡♥s✐t② ♥❡❛r P●❚✶✹✺ ❉❯✸✵✸ r❡s✐❞✉❡ ❉✭✶✵✵❧✮✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳
❇❛❝❦❜♦♥❡ s❤♦✇♥ ✐♥ r✐❜❜♦♥ r❡♣r❡s❡♥t❛t✐♦♥ ✇✐t❤ ❣❧②❝❛♥s ❛♥❞ ❛♠✐♥♦ ❛❝✐❞s s❤♦✇♥ ❛s ❧✐♥❡s✱ ❛♥❞ r❡s✐❞✉❡
❉✭✶✵✵❧✮ s❤♦✇♥ ❛s st✐❝❦s✳ ❚❤❡ ✐♥t❡r❛❝t✐♥❣ ❣♣✶✷✵ s✉❜✉♥✐ts ❛r❡ s❤♦✇♥ ✐♥ ♦r❛♥❣❡ ❛♥❞ ②❡❧❧♦✇✱ ✇✐t❤ t❤❡
❉❯✸✵✸ ❈❉❘❍✸ ✭r❡s✐❞✉❡s ✾✺✲✶✵✷✮ s❤♦✇♥ ✐♥ ❣r❡❡♥✳ ❚❤❡ 1.2σ ✐s♦s✉r❢❛❝❡ ♠❡s❤ s❤♦✇♥ ✐♥ ❣r❛②✱ t❤❡ 3.0σ

✐s♦s✉r❢❛❝❡ ♠❡s❤ s❤♦✇♥ ✐♥ ♣✉r♣❧❡✳ ❲❡❧❧✲r❡s♦❧✈❡❞ s✐❞❡✲❝❤❛✐♥ ❞❡♥s✐t② ❢♦r ❣♣✶✷✵ r❡s✐❞✉❡s ❑✶✻✾ ❛♥❞ ❘✶✻✻
s✉❣❣❡sts ♣♦t❡♥t✐❛❧ ❡❧❡❝tr♦st❛t✐❝ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ❉✭✶✵✵❧✮✳ ❆ ❞❡♥s✐t② ❜✉❧❣❡ ♥❡❛r r❡s✐❞✉❡ ❋✭✶✵✵❞✮ ♠❛②
✐♥❞✐❝❛t❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♥ ❛❧t❡r♥❛t✐✈❡ s✐❞❡✲❝❤❛✐♥ ❝♦♥✜❣✉r❛t✐♦♥ t❤❛t ❝♦✉❧❞ ✐♥t❡r❛❝t ✇✐t❤ ❜♦t❤ ❉✭✶✵✵❧✮
❛♥❞ ❣♣✶✷✵ r❡s✐❞✉❡ ❑✶✻✾✳



✭❆✮ ❊❧❡❝tr♦♥ ❞❡♥s✐t② ✐s♦s✉r❢❛❝❡s ❛♥❞ ❛t♦♠✐❝ ♠♦❞❡❧ ❛r♦✉♥❞ P●✾❘❙❍ ◆✭✶✵✵❢✮❨✳

✭❇✮ ❙t❡r❡♦ ✈✐❡✇ ♦❢ ❧♦✇✲❞❡♥s✐t② ♣❡❛❦s ❛r♦✉♥❞ P●✾❘❙❍ ◆✭✶✵✵❢✮❨✳

❋✐❣✉r❡ ❙✶✺✿ ❈r②♦✲❊▼ ❞❡♥s✐t② ♥❡❛r P●✾❘❙❍ ◆✭✶✵✵❢✮❨✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳ ❇❛❝❦❜♦♥❡ s❤♦✇♥
✐♥ r✐❜❜♦♥ r❡♣r❡s❡♥t❛t✐♦♥ ✇✐t❤ ❣❧②❝❛♥s ❛♥❞ ❛♠✐♥♦ ❛❝✐❞s s❤♦✇♥ ❛s ❧✐♥❡s✱ ❛♥❞ r❡s✐❞✉❡ ❨✭✶✵✵❢✮ s❤♦✇♥ ❛s
st✐❝❦s✳ ❚❤❡ ✐♥t❡r❛❝t✐♥❣ ❣♣✶✷✵ s✉❜✉♥✐ts ❛r❡ s❤♦✇♥ ✐♥ r❡❞ ❛♥❞ ♦r❛♥❣❡✱ ✇✐t❤ t❤❡ P●✾❘❙❍ ◆✭✶✵✵❢✮❨ ❈❉❘❍✸
✭r❡s✐❞✉❡s ✾✺✲✶✵✷✮ s❤♦✇♥ ✐♥ ❣r❡❡♥✳ ✭❆✮ ❚❤❡ 1.2σ ✐s♦s✉r❢❛❝❡ ♠❡s❤ s❤♦✇♥ ✐♥ ❣r❛②✱ t❤❡ 3.0σ ✐s♦s✉r❢❛❝❡ ♠❡s❤
s❤♦✇♥ ✐♥ ♣✉r♣❧❡✳ ✭❇✮ ❚❤❡ 0.5σ ✐s♦s✉r❢❛❝❡ ♠❡s❤ s❤♦✇♥ ✐♥ ❣r❛②✳ ❲❡❧❧✲r❡s♦❧✈❡❞ s✐❞❡✲❝❤❛✐♥ ❞❡♥s✐t② ❢♦r ❣♣✶✷✵
r❡s✐❞✉❡ ❑✶✻✽ ✐♥❞✐❝❛t❡s t❤❛t t❤❡s❡ s✐❞❡ ❝❤❛✐♥s ❢♦r♠ ❢❛✈♦r❛❜❧❡ ❣❡♦♠❡tr② ❢♦r ❛ ♣✐✲❝❛t✐♦♥ ✐♥t❡r❛❝t✐♦♥✳ ❉❡♥s✐t②
❜❡t✇❡❡♥ r❡s✐❞✉❡ ❨✭✶✵✵❢✮ ❛♥❞ ❨✭✶✵✵❛✮ ♠❛② ✐♥❞✐❝❛t❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛❧t❡r♥❛t✐✈❡ s✐❞❡✲❝❤❛✐♥ ❝♦♥❢♦r♠❛t✐♦♥s✳
❆ ❧♦✇✲❞❡♥s✐t② ♣❡❛❦ ❜❡t✇❡❡♥ ❣❧②❝❛♥ ◆✶✻✵ ❛♥❞ ❨✭✶✵✵❢✮ ✐♥❞✐❝❛t❡s t❤❛t t❤✐s ❞❡s✐❣♥❡❞ ✈❛r✐❛♥t ♠❛② ❢♦r♠
❢❛✈♦r❛❜❧❡ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t❤❡ ❊♥✈ ❣❧②❝❛♥ s❤✐❡❧❞✳
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✭❇✮ ❊❧❡❝tr♦♥ ❞❡♥s✐t② ✐s♦s✉r❢❛❝❡s ❛♥❞ ❛t♦♠✐❝ ♠♦❞❡❧ ❛r♦✉♥❞ P●✾❘❙❍ ❉❯✵✷✺ r❡s✐❞✉❡ ❉✭✶✵✵❦✮ ❛♥❞
❣♣✶✷✵ r❡s✐❞✉❡ ❘✸✵✽✳

❋✐❣✉r❡ ❙✶✻✿ ❈r②♦✲❊▼ ❞❡♥s✐t② ♥❡❛r P●✾❘❙❍ ❉❯✵✷✺ r❡s✐❞✉❡ ❉✭✶✵✵❦✮✱ r❡❧❛t❡❞ t♦ ❘❡s✉❧ts✳
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Table SR1: Predicted K∗ scores for PGT145 WT and alanine mutants at residues of interest
using osprey vs. corresponding IC50 data1, related to Results.

IC50 (µg/mL)1 K∗ score (log10K
∗) Summary

Residue WT Ala WT Ala −∆ log10IC50 ∆log10K
∗

100d 0.010 2.380 3.438 2.483 −2.377 −0.955
100e 0.010 9.991 7.995 6.278 −3.000 −1.717
100l 0.010 0.004 15.454 15.155 0.398 −0.299
100m 0.010 >10 4.909 3.952 <− 3 −0.957

1 IC50 for BG505.Env.C2 pseudovirus.
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Table SR2: Upper and lower bounds on the K∗ score and partition functions for PGT145 designs
at residues 100e and 100m predicted using osprey, related to Results. Hδ and Hε refer to the
δ and ε protonation states of histidine.

log10K
∗ log10 ZC log10 ZAb log10 ZEnv

100e 100m UB LB UB LB UB LB UB LB

E E 18.239 16.797 29.182 28.687 6.963 6.468 4.971 4.476
E D 18.202 16.802 29.035 28.540 6.862 6.367 4.961 4.466
E Y 16.646 15.292 31.986 31.491 11.369 10.874 4.961 4.466
E M 16.412 15.047 30.7161 30.221 10.2131 9.825 4.9611 4.479
E Hε 16.341 14.876 30.823 30.328 10.511 10.016 4.961 4.466
D E 16.336 14.908 27.329 26.834 7.028 6.533 4.955 4.460
E Hδ 16.327 14.900 30.9371 30.442 10.5811 10.143 4.9611 4.468
M E 16.221 14.766 30.7521 30.257 10.5361 10.061 4.9551 4.470
D D 16.161 14.718 27.003 26.508 6.870 6.375 4.961 4.466
E Q 16.159 14.718 29.664 29.169 9.533 9.039 4.961 4.466
Hε E 16.148 14.671 30.5581 30.063 10.4301 9.941 4.9621 4.469
M D 16.088 14.608 30.4381 29.943 10.3721 9.881 4.9631 4.469
Hε D 16.077 14.612 30.2861 29.792 10.2221 9.745 4.9571 4.465
L E 15.976 14.515 30.573 30.078 10.627 10.132 4.960 4.465
Q D 15.948 14.496 29.7491 29.254 9.8011 9.331 4.9571 4.470
Q E 15.902 14.428 29.8841 29.389 9.9971 9.511 4.9641 4.471
L D 15.896 14.467 30.340 29.845 10.478 9.983 4.956 4.461
E I 15.824 14.569 30.803 30.308 10.999 10.505 4.969 4.474
E T 15.689 14.222 29.558 29.063 9.897 9.403 4.961 4.466
E V 15.647 14.217 29.620 29.126 10.003 9.508 4.961 4.466
E S 15.525 14.056 29.006 28.511 9.514 9.019 4.958 4.463
E C 15.510 14.096 28.813 28.318 9.332 8.837 4.961 4.466
E A 15.467 14.041 28.794 28.299 9.355 8.860 4.961 4.466
E G 15.352 13.938 28.250 27.755 8.926 8.431 4.961 4.466
Hδ E 15.264 13.854 30.1291 29.634 10.8211 10.398 4.9601 4.468
Hδ D 15.247 13.818 29.9351 29.441 10.6601 10.220 4.9621 4.469
T E 15.090 13.609 29.3681 28.873 10.3071 9.812 4.9581 4.466
T D 15.075 13.596 29.1731 28.678 10.1281 9.635 4.9541 4.462
V D 15.032 13.594 28.938 28.443 9.935 9.440 4.961 4.466
V E 15.021 13.682 29.194 28.699 10.202 9.707 4.961 4.466
D Y 14.333 12.893 29.594 29.099 11.290 10.795 4.961 4.466
M Y 14.053 12.579 32.2131 31.718 14.1781 13.688 4.9601 4.471
M M 14.040 12.563 31.1581 30.663 13.1381 12.644 4.9631 4.474
D Hε 13.952 12.489 28.437 27.942 10.503 10.008 4.972 4.477
D M 13.918 12.448 28.261 27.766 10.368 9.873 4.965 4.470
M Hε 13.909 12.432 31.3751 30.880 13.4941 13.004 4.9541 4.462
D Hδ 13.881 12.400 28.497 28.002 10.648 10.153 4.957 4.462
Hε M 13.852 12.372 30.8861 30.391 13.0571 12.563 4.9611 4.470
Q Y 13.836 12.389 31.4461 30.951 13.6051 13.127 4.9571 4.483
Q M 13.830 12.348 30.3821 29.887 12.5771 12.083 4.9611 4.469
Hε Y 13.821 12.372 31.8841 31.389 14.0581 13.578 4.9581 4.485
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Upper and lower bounds on the K∗ score and partition functions for PGT145 designs at residues
100e and 100m predicted using osprey (continued).

log10K
∗ log10 ZC log10 ZAb log10 ZEnv

100e 100m UB LB UB LB UB LB UB LB

D Q 13.788 12.340 27.322 26.827 9.562 9.068 4.961 4.466
M Q 13.768 12.293 30.1701 29.676 12.4201 11.934 4.9621 4.469
M Hδ 13.768 12.312 31.1411 30.646 13.3831 12.911 4.9521 4.462
L2 Y2 13.763 12.296 32.039 31.544 14.309 13.814 4.956 4.461
L M 13.732 12.275 31.009 30.514 13.306 12.811 4.961 4.466
Hε Hε 13.710 12.260 31.0911 30.596 13.3821 12.915 4.9541 4.466
Q Hε 13.688 12.245 30.6101 30.115 12.9151 12.442 4.9551 4.480
Hε Q 13.628 12.180 29.9581 29.463 12.3221 11.862 4.9611 4.467
Q Hδ 13.600 12.131 30.4101 29.915 12.8281 12.342 4.9571 4.469
Q Q 13.571 12.102 29.4121 28.917 11.8621 11.377 4.9531 4.463
L Hε 13.571 12.196 31.225 30.730 13.683 13.188 4.961 4.466
Hε Hδ 13.546 12.076 30.8351 30.341 13.3041 12.823 4.9601 4.466
L Q 13.503 12.037 30.019 29.525 12.551 12.056 4.955 4.460
L Hδ 13.503 12.024 30.964 30.469 13.492 12.997 4.959 4.464
D I 13.356 11.935 28.198 27.703 10.860 10.365 4.972 4.477
D T 13.305 11.829 27.164 26.669 9.892 9.397 4.957 4.462
M T 13.295 11.815 30.0431 29.548 12.7721 12.280 4.9611 4.467
Hδ M 13.204 11.777 30.6051 30.110 13.3781 12.941 4.9561 4.461
M I 13.177 11.728 30.9901 30.495 13.8071 13.347 4.9601 4.465
Hε T 13.142 11.666 29.8151 29.320 12.6931 12.201 4.9611 4.472
D V 13.132 11.699 27.154 26.659 10.051 9.556 4.961 4.466
M C 13.100 11.626 29.1741 28.679 12.0931 11.604 4.9601 4.469
M S 13.097 11.620 29.4231 28.928 12.3521 11.863 4.9551 4.464
Q T 13.084 11.614 29.3031 28.808 12.2351 11.751 4.9591 4.468
Hδ Y 13.081 11.641 31.4721 30.977 14.3731 13.915 4.9631 4.475
D C 13.075 11.648 26.330 25.835 9.283 8.788 4.961 4.466
Hδ Hε 13.054 11.586 30.8201 30.325 13.7791 13.300 4.9601 4.465
D S 13.040 11.588 26.588 26.093 9.573 9.078 4.965 4.470
Q I 13.026 11.620 30.2461 29.751 13.1751 12.757 4.9561 4.462
L T 13.018 11.541 29.892 29.397 12.905 12.410 4.958 4.464
Hε C 12.998 11.528 28.9301 28.436 11.9511 11.465 4.9571 4.467
M V 12.986 11.543 29.8411 29.346 12.8441 12.390 4.9581 4.464
T M 12.969 11.497 29.8491 29.354 12.8981 12.408 4.9591 4.472
M A 12.964 11.499 29.1491 28.654 12.1871 11.708 4.9681 4.477
T Y 12.955 11.476 30.8921 30.397 13.9581 13.466 4.9621 4.471
E R 12.953 11.495 30.116 29.622 13.182 12.687 4.972 4.477
Q C 12.951 11.474 28.4511 27.956 11.5271 11.038 4.9551 4.462
Hε S 12.945 11.464 29.1881 28.693 12.2761 11.782 4.9541 4.462
D A 12.934 11.566 26.339 25.844 9.434 8.939 4.961 4.466
V Y 12.925 11.468 30.651 30.157 13.755 13.260 4.961 4.466
Hδ Q 12.888 11.412 29.5531 29.058 12.6871 12.198 4.9601 4.466
L I 12.885 11.475 30.824 30.329 13.964 13.469 4.965 4.470
Hε I 12.871 11.445 30.5691 30.074 13.6681 13.229 4.9611 4.469
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Upper and lower bounds on the K∗ score and partition functions for PGT145 designs at residues
100e and 100m predicted using osprey (continued).

log10K
∗ log10 ZC log10 ZAb log10 ZEnv

100e 100m UB LB UB LB UB LB UB LB

Q S 12.859 11.401 28.6791 28.184 11.8201 11.348 4.9631 4.472
D G 12.834 11.444 25.793 25.298 8.987 8.492 4.961 4.466
L C 12.830 11.370 29.041 28.546 12.232 11.737 4.969 4.474
L S 12.824 11.351 29.274 28.779 12.478 11.984 4.961 4.466
M G 12.815 11.402 28.5601 28.066 11.7071 11.280 4.9571 4.465
T Hε 12.785 11.313 30.0431 29.549 13.2751 12.781 4.9601 4.477
V M 12.782 11.418 29.605 29.110 12.852 12.357 4.961 4.466
Hδ Hδ 12.776 11.418 30.4601 29.965 13.5871 13.215 4.9601 4.469
Hε V 12.758 11.390 29.5491 29.054 12.7071 12.328 4.9581 4.464
Q A 12.756 11.308 28.4001 27.905 11.6381 11.167 4.9581 4.477
Q V 12.756 11.340 29.0971 28.602 12.3041 11.860 4.9581 4.481
V Hε 12.750 11.299 29.806 29.311 13.089 12.595 4.956 4.461
Hε A 12.673 11.362 28.8991 28.405 12.0891 11.762 4.9541 4.464
L V 12.657 11.286 29.669 29.174 13.034 12.540 4.967 4.472
T Q 12.634 11.162 28.8341 28.340 12.2191 11.728 4.9591 4.472
T Hδ 12.623 11.176 29.8081 29.313 13.1821 12.707 4.9541 4.477
L A 12.584 11.262 28.996 28.501 12.447 11.952 4.955 4.460
V Hδ 12.582 11.158 29.556 29.061 13.002 12.507 4.961 4.466
Q G 12.581 11.180 27.8151 27.320 11.1801 10.761 4.9601 4.472
V Q 12.549 11.175 28.609 28.114 12.086 11.591 4.964 4.469
L G 12.514 11.110 28.402 27.907 11.916 11.421 4.961 4.466
Hε G 12.473 11.001 28.3031 27.809 11.8461 11.362 4.9621 4.469
Hδ T 12.406 10.939 29.4461 28.951 13.0521 12.573 4.9611 4.467
Hδ I 12.405 10.934 30.3241 29.829 13.9421 13.454 4.9531 4.466
Hδ S 12.223 10.742 28.8281 28.333 12.6331 12.140 4.9591 4.465
Hδ C 12.208 10.735 28.5731 28.078 12.3861 11.897 4.9571 4.468
T T 12.158 10.682 28.7041 28.209 12.5701 12.077 4.9571 4.469
V T 12.128 10.664 28.467 27.972 12.368 11.873 4.961 4.466
T I 12.119 10.644 29.6431 29.148 13.5431 13.056 4.9611 4.468
Hδ G 12.047 10.568 28.1031 27.608 12.0791 11.590 4.9601 4.466
Hδ A 12.023 10.651 28.5341 28.039 12.4361 12.053 4.9521 4.458
T C 11.968 10.501 27.8381 27.344 11.8821 11.404 4.9611 4.467
T S 11.953 10.471 28.0901 27.595 12.1671 11.674 4.9571 4.463
V S 11.926 10.450 27.840 27.345 11.942 11.447 4.961 4.466
V I 11.921 10.641 29.419 28.924 13.527 13.033 4.961 4.466
V C 11.897 10.467 27.575 27.080 11.703 11.208 4.964 4.469
T V 11.857 10.408 28.5131 28.018 12.6491 12.188 4.9621 4.468
T A 11.835 10.372 27.8191 27.324 12.0061 11.513 4.9461 4.471
Hδ V 11.835 10.536 29.0931 28.598 13.1001 12.789 4.9621 4.469
M R 11.784 10.304 29.9231 29.428 14.1601 13.668 4.9641 4.471
V V 11.739 10.375 28.272 27.777 12.568 12.073 4.955 4.460
T G 11.704 10.248 27.2341 26.739 11.5371 11.046 4.9541 4.484
V A 11.692 10.343 27.564 27.069 11.901 11.406 4.961 4.466
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Upper and lower bounds on the K∗ score and partition functions for PGT145 designs at residues
100e and 100m predicted using osprey (continued).

log10K
∗ log10 ZC log10 ZAb log10 ZEnv

100e 100m UB LB UB LB UB LB UB LB

Q R 11.579 10.104 29.2581 28.763 13.7051 13.216 4.9541 4.463
L R 11.473 10.010 29.745 29.250 14.301 13.806 4.961 4.466
V G 11.456 10.215 26.956 26.461 11.533 11.038 4.957 4.462
Hε R 11.434 9.963 29.6761 29.181 14.2631 13.780 4.9561 4.463
Hδ R 10.948 9.473 29.2601 28.765 14.3331 13.848 4.9591 4.464
V R 10.608 9.132 28.326 27.832 13.748 13.253 4.961 4.466
T R 10.593 9.118 28.6031 28.109 14.0351 13.540 4.9561 4.470
D R 10.578 9.151 27.473 26.979 12.914 12.419 4.972 4.477

1 Upper bounds computed using lower bound and ε = 0.68.
2 Wild-type amino-acid.

Table SR3: Root mean-squared deviation between existing structures of PGT145, related to
Results.

RMSD (Å)1,2

PDB ID 8FLW3 6NIJ 58VL 8DVD 3U1S 5U1F

8FLW3 0.00 (140)
6NIJ 1.95 (140) 0.00 (140)
5V8L 1.32 (140) 1.69 (140) 0.00 (140)
8DVD 1.40 (140) 1.86 (140) 1.03 (140) 0.00 (140)
3U1S 1.35 (140) 1.66 (140) 0.76 (140) 0.76 (140) 0.00 (240)
5U1F 1.37 (138) 1.69 (138) 0.80 (138) 0.84 (138) 1.16 (235) 0.00 (235)
1 RMSD computed for all resolved PGT145 antibody heavy chain Cα atoms using the
PyMOL align command with the cycles=0 option.

2 Numbers in parentheses represent the number of atoms included in the RMSD calcu-
lation.

3 Cryo-EM structure of PGT145 DU303.
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Figure SR1: K∗ scores for a double-mutation design of PGT145 at residues 100e and 100m,
related to Results. Bounds on the K∗ score for single mutations predicted using osprey are shown
as horizontal bars. Pictured results are limited to the top 50 design predictions. Designs for which
the unbound antibody is predicted to be more stable, approximately equally-stable, or less stable than
wild-type are indicated by green, tan, or red coloring, respectively. Relative stability was estimated using
the lower-bound on the partition-function value for the unbound antibody state. Wild-type antibody
residue labeled in bold. The bounds on the K∗ score for the wild-type design are indicated by the gray,
shaded box.
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Table SR4: Root mean-squared deviation between existing structures of PG9, related to Results.

RMSD (Å)1,2

PDB ID 8FK53 8FL14 7T77 7T76 3U4E 3U2S 4YAQ 5VJ6

8FK53 0.00 (136)
8FL14 0.57 (136) 0.00 (136)
7T77 0.61 (133) 0.85 (133) 0.00 (133)
7T76 0.81 (135) 1.00 (135) 0.61 (133) 0.00 (136)
3U4E 0.62 (136) 0.83 (136) 0.62 (133) 0.84 (135) 0.00 (239)
3U2S 0.62 (136) 0.87 (136) 0.44 (133) 0.77 (135) 3.38 (230) 0.00 (230)
4YAQ 0.69 (136) 0.92 (136) 0.53 (133) 0.85 (135) 5.14 (239) 1.94 (230) 0.00 (239)
5VJ6 2.18 (135) 2.34 (135) 2.06 (133) 2.02 (135) 2.35 (229) 3.59 (229) 5.16 (229) 0.00 (229)
1 RMSD computed for all resolved PG9 antibody heavy chain Cα atoms using the PyMOL align command with
the cycles=0 option.

2 Numbers in parentheses represent the number of atoms included in the RMSD calculation.
3 Cryo-EM structure of PG9RSH N(100f)Y.
4 Cryo-EM structure of DU025.
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Table SR6: Flexible residues for designs PGT145 with AMC011 or SIVmac239, related to Results.

PDB ID Name Target Mutable res Flexible res

6NIJ PGT145:Env
(AMC011)

100d, 100l H100D, H100L H100A, H100N,
A168, A169,
C166, C167

8DVD PGT145:Env
(SIVmac239)

100d, 100l H100D, H100L H100A, H100N,
E168, E169,
G166, G167

Table SR5: Predicted K∗ scores for PGT145 WT and variants using osprey vs. corresponding
small-panel neutralization data, related to Results. In general, K∗ scores do not correlate quan-
titatively with binding a�nity2 except in some cases in which multiple high-resolution structures
are used3. For these reasons, in this study, the K∗ scores were used as a �lter, to select a small
number (10) of candidate PGT145 designs (out of thousands of possible sequences) for experi-
mental testing, with the hypothesis that some would increase breath or potency as predicted.

IC50 (µg/mL)1 K∗ score (log10K
∗)2 Summary

Ab Variant WT Variant WT Variant −∆ log10IC50 ∆log10K
∗

F(100d)E 0.080 0.698 5.288 6.911 −0.094 1.623
L(100e)E 0.080 >50 13.763 16.646 <− 2.80 2.883
N(100l)D 0.080 0.017 5.288 8.891 0.398 3.603
Y(100m)E 0.080 >50 13.763 15.976 <− 2.80 2.213

1 IC50 for BG505.Env.C2 pseudovirus. Geometric mean over several assays re-
ported for wild-type value.

2 Upper bound on the K∗ score reported.

Table SR7: Upper and lower bounds on the K∗ score and partition functions for designs of
PGT145 in complex with AMC011 at residues 100d and 100l predicted using osprey, related
to Results. Hδ and Hε refer to the δ and ε protonation states of histidine.

log10K
∗ log10 ZC log10 ZAb log10 ZEnv

100d 100l UB LB UB LB UB LB UB LB

W D 9.845 8.816 46.390 46.149 20.009 19.527 17.324 17.018
Y D 9.355 8.493 46.396 46.151 20.334 20.023 17.324 17.018
F D 9.325 8.506 45.941 45.731 19.901 19.598 17.324 17.018
W Y 9.105 8.096 46.037 45.849 20.429 19.914 17.324 17.018
Hδ Y 8.857 7.749 44.974 44.759 19.686 19.099 17.324 17.018
D Hε 8.798 7.841 41.889 41.644 16.479 16.073 17.324 17.018
W T 8.794 7.720 48.532 48.321 23.277 22.721 17.324 17.018
W Hε 8.762 7.936 48.123 47.939 22.679 22.342 17.324 17.018
F Hε 8.737 7.767 47.691 47.491 22.400 21.936 17.324 17.018
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Upper and lower bounds on the K∗ score and partition functions for designs of PGT145 in
complex with AMC011 at residues 100d and 100l predicted using osprey (continued).

log10K
∗ log10 ZC log10 ZAb log10 ZEnv

100d 100l UB LB UB LB UB LB UB LB

Y Y 8.681 7.796 46.114 45.908 20.789 20.415 17.324 17.018
W Q 8.628 7.512 44.841 44.596 19.760 19.194 17.324 17.018
Hδ Hε 8.587 7.498 47.009 46.765 21.944 21.404 17.324 17.018
W S 8.551 7.389 48.141 47.898 23.185 22.572 17.324 17.018
F Y 8.530 7.681 45.545 45.307 20.302 19.997 17.324 17.018
D M 8.511 7.389 43.109 42.863 18.151 17.580 17.324 17.018
W M 8.417 7.427 49.377 49.139 24.388 23.942 17.324 17.018
Y Hε 8.414 7.547 48.161 47.922 23.051 22.729 17.324 17.018
D N 8.405 7.380 42.413 42.178 17.475 16.991 17.324 17.018
W N 8.353 7.418 48.753 48.515 23.774 23.382 17.324 17.018
Hε Hε 8.253 7.353 46.331 46.092 21.415 21.060 17.324 17.018
F1 N1 7.941 7.088 48.420 48.174 23.762 23.461 17.324 17.018

1 Wild-type amino-acid.

Table SR8: Upper and lower bounds on the K∗ score and partition functions for designs of
PGT145 in complex with SIVmac239 at residues 100d and 100l predicted using osprey, related
to Results. Hδ and Hε refer to the δ and ε protonation states of histidine.

log10K
∗ log10 ZC log10 ZAb log10 ZEnv

100d 100l UB LB UB LB UB LB UB LB

Hδ E 12.040 10.673 44.537 44.292 21.204 20.585 12.415 11.912
F E 11.704 10.418 45.280 45.034 22.202 21.664 12.415 11.912
E M 11.685 10.329 46.220 45.975 23.232 22.624 12.415 11.912
Hε E 11.504 10.172 45.117 44.872 22.285 21.701 12.415 11.912
E Hε 11.479 10.210 46.581 46.336 23.712 23.190 12.415 11.912
E Q 11.418 10.080 45.046 44.801 22.306 21.716 12.415 11.912
E V 11.311 9.959 44.408 44.163 21.789 21.185 12.415 11.912
E T 11.250 9.890 44.781 44.536 22.232 21.620 12.415 11.912
E N 11.243 9.938 45.009 44.764 22.411 21.855 12.415 11.912
E S 11.153 9.790 44.176 43.931 21.726 21.112 12.415 11.912
E C 11.099 9.829 44.518 44.273 22.029 21.508 12.415 11.912
Hδ M 10.970 9.620 47.177 46.932 24.897 24.296 12.415 11.912
F M 10.946 9.635 48.032 47.786 25.737 25.174 12.415 11.912
F Hε 10.915 9.600 49.488 49.242 27.228 26.660 12.415 11.912
W Hε 10.881 9.573 47.387 47.141 25.153 24.593 12.415 11.912
W N 10.802 9.447 45.429 45.184 23.323 22.716 12.415 11.912
Hδ Hε 10.773 9.449 48.280 48.035 26.171 25.596 12.415 11.912
Y R 10.761 9.414 47.990 47.745 25.916 25.318 12.415 11.912
Hδ Q 10.639 9.286 46.724 46.479 24.778 24.173 12.415 11.912
F Q 10.539 9.289 47.731 47.486 25.782 25.281 12.415 11.912
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Upper and lower bounds on the K∗ score and partition functions for designs of PGT145 in
complex with SIVmac239 at residues 100d and 100l predicted using osprey (continued).

log10K
∗ log10 ZC log10 ZAb log10 ZEnv

100d 100l UB LB UB LB UB LB UB LB

F1 N1 10.288 9.235 47.248 47.003 25.353 25.048 12.415 11.912

1 Wild-type amino-acid.
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(A) The CDRH3 loop for PG9RSH N(100f)Y
exhibits a twisted conformation.

(B) The CDRH3 loop for DU025 exhibits a
twisted conformation.

(C) The CDRH3 loop for PG9 (PDB ID:
5VJ6) exhibits an untwisted conformation.

Figure SR2: The CDHR3 loop conformation di�ers between PG9RSH variants and PG9,
related to Results. Backbone shown in ribbon representation with glycans and sulfated tyrosines
shown as lines with Env subunits colored with warm colors, antibody in cool colors, and antibody
CDRH3 loops (residues 95-102) shown in green. A pronounced twist in the CDRH3 loop of PG9RSH
variants N(100f)Y (A) and DU025 (B) can be seen, contrasted with the untwisted conformation in PG9
(C). As a result, residues 100i - 100n are displaced by up to 3.6 Å.
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Figure SR3: K∗ scores for a double-mutation design of PGT145 in complex with AMC011
at residues 100d and 100l, related to Results. Bounds on the K∗ score for single mutations
predicted using osprey are shown as horizontal bars. Pictured results are limited to the top 20 design
predictions. Designs for which the unbound antibody is predicted to be more stable, approximately
equally-stable, or less stable than wild-type are indicated by green, tan, or red coloring, respectively.
Relative stability was estimated using the lower-bound on the partition-function value for the unbound
antibody state. Wild-type antibody residue labeled in bold. The bounds on the K∗ score for the wild-type
design are indicated by the gray, shaded box.
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Figure SR4: K∗ scores for a double-mutation design of PGT145 in complex with SIVmac239
at residues 100d and 100l, related to Results. Bounds on the K∗ score for single mutations
predicted using osprey are shown as horizontal bars. Pictured results are limited to the top 20 design
predictions. Designs for which the unbound antibody is predicted to be more stable, approximately
equally-stable, or less stable than wild-type are indicated by green, tan, or red coloring, respectively.
Relative stability was estimated using the lower-bound on the partition-function value for the unbound
antibody state. Wild-type antibody residue labeled in bold. The bounds on the K∗ score for the wild-type
design are indicated by the gray, shaded box.
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(A) DU303:BG505 Cryo-EM structure. (B) DU303:AMC011 model.

(C) DU303:SIVmac239 model.

Figure SR5: Conservative homology models predict that the N(100l)D mutation will not
create intermolecular contacts with AMC011 or SIVmac239, related to Results. Backbone
shown in ribbon representation with �exible residues shown as lines with Env subunits colored with
warm colors and antibody CDRH3 loops (residues 95-102) shown in green. Models predict that antibody
residue D(100l) does not interact with position 169 due to residue substitution, and does not interact
with residue 166 due to CDRH3 loop and V2 loop conformational shifts.
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(A) AF2 models of DU011 bound to
JRFL.JB Env

(B) AF2 models of DU011 bound to ZM233.6
Env

(C) AF2 models of DU025 bound to
JRFL.JB Env

Figure SR6: Alphafold Multimer predicted interactions between antibodies and Env are
incorrect, related to Results. Backbone shown in ribbon representation. The Cryo-EM structures
are shown in color, with Env subunits in warm colors and antibody in cool colors, and antibody CDRH3
loops (residues 95-102) shown in green. Alphafold Multimer models are shown in gray. Interestingly, in
some cases Alphafold Multimer does predict that PG9 binds to the Env apex, but incorrectly predicts
A) an antiparallel β-strand interaction, B) a �cross strand� interaction, or C) an interaction in which the
antibody lies parallel to the Env apex plane. In most cases, including all predicted models with BG505
Env and predicted models of DU025 in complex with TRO.11, physically reasonable predicted structures
did not place the antibody at the Env apex (not pictured).
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SR1 Extended design results

SR1.1 Validation of design pipeline on published experimental data

To validate our computational protein design methods on the antibody structure input models
we �rst attempted to compare point-mutation designs to published experimental data. We per-
formed four single-residue designs on the PGT145 CDRH3 loop (Residues 100d, 100e, 100l, and
100m) using osprey and computed K∗ scores for both the wild-type amino-acid and substitu-
tion with alanine. We compared the resulting change in K∗ score with previously determined
IC50 data from alanine-scanning of PGT1451. The changes in the log10K

∗ scores qualitatively
recapitulated trends seen in the experimental data (See Table SR1).

SR1.2 Additional designs for PGT145

We performed double-mutation designs of PGT145 at residues L(100e) and Y(100m) and pre-
dicted mutations to improve binding (Figure SR1 and Table SR2). The log10K

∗ score for the
wild-type sequence was bounded by the interval [12.3, 13.8] and the log10 ZAb was bounded by
the interval [13.8, 14.3]. Sequences for which the lower-bound on log10 ZAb was less than 9.70
were excluded from consideration. Combinations of L(100e)E, L(100e)M, and L(100e)H with
Y(100m), Y(100m)M, Y(100m)H, and Y(100m)E were predicted to improve binding without a
large reduction in antibody stability.

SR1.3 Additional designs for PG9RSH

Designs of PG9RSH based on a high-resolution, monomeric input model of PG9 binding to the
gp120 V1 and V2 loops (PDB ID: 3U2S) returned mutations at various residues predicted to
improve binding. A three-residue design of residues R(100b), N(100c), and Y(100e) suggested
that positions 100b and 100e are not amenable to mutation, while position 100c exhibits many
mutations that are predicted to be slightly favorable, including Met, His, Arg, and Lys. Most
mutations are predicted to result in only a slight increase in log10K

∗ score over the wild-type
(log10K

∗ = 13.0)

SR2 Small-panel neutralization results

We assayed selected designs for neutralization on a small panel of 10 pseudovirus strains. De-
signs that performed well on these small assays were selected for large-panel (208 pseudoviruses)
neutralization assays. Variants were selected for further characterization based on the number
of pseudoviruses neutralized with an IC80 ≤ 50µg/mL, the median IC80 value, the number of
pseudoviruses neutralized with an IC50 ≤ 50µg/mL, and the median IC50 value (listed in order
of importance). Additionally, the sequence and neutralization diversity of the set of variants
to be characterized was considered. For example, although several variants (N(100f)Y, DU012-
DU017) achieved good neutralization breadth and median potency, only N(100f)Y and DU017
were chosen for further characterization due to their good performance at the IC80 cuto� and
their incorporation of two di�erent mutations at the 100f position.

Based on the osprey designs of PGT145 we selected 10 variants to test in small-panel
pseudovirus neutralization assays (See Table S5). These PGT145 variants were assayed for
neutralization against a panel of 10 pseudovirus strains from clades A, B, and C (See Data S1).
Variant DU303 (containing the N(100l)D mutation) achieved a signi�cant increase in breadth
against this small panel, neutralizing 7 of the 10 tested strains with both IC50 and IC80 ≤ 50
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µg/mL, while the wild-type controls neutralized only 4 strains (median) with IC50 ≤ 50 µg/mL
and only 3 strains (median) with IC80 ≤ 50 µg/mL. The median IC50 (0.218 µg/mL) over all
neutralized pseudoviruses for DU303 was comparable to that for the wild-type controls, while
the median IC80 (1.83 µg/mL) was greater than that for the controls.

Based on the osprey PG9RSH design results we selected 34 variants to test in small-panel
pseudovirus neutralization assays (See Table S6). These variants were assayed for neutralization
against a panel of 10 pseudovirus strains from clades A, B, and C (See Data S1). Variant PG9RSH
N(100f)Y (containing the N(100f)Y mutation) achieved a clear increase in potency against this
small panel, achieving median IC50 values of 0.073 and 0.185 µg/mL and median IC80 values of
0.821 and 3.87 µg/mL. PG9RSH N(100f)Y also showed a slight increase in breadth as one of
the few tested variants to achieve measurable neutralization against the 3873.v1.c24 pseudovirus
(clade C). Similarly, variant DU025 (containing the Y(100k)D mutation) achieved an increase
in potency against this small panel, with median IC50 (0.185 µg/mL) and IC80 (2.21 µg/mL)
improving relative to the wild-type Ab controls.

Overall, the small-panel neutralization panels indicated that DU303 resulted in increased
breadth, PG9RSH N(100f)Y resulted in improved potency with perhaps a slight increase in
breadth, and DU025 resulted in improved potency. In summary, the small panels were used as
a screening tool to select computationally designed antibodies for further analysis using a large
panel. Antibodies with exceptional biological properties, typically neutralization potency or
breadth as per the large panel, were subsequently selected for further characterization, including
high resolution cryo-EM structures.

SR3 Extended structural analysis of antibody variants

SR3.1 Structural analysis of DU303

The EM structure of PGT145 variant DU303 reveals a binding mode consistent with previous
structures of PGT145. We focus our detailed structural analysis around DU303 residue 100l.
Applying di�erent masking parameters to the image dataset resulted in two electron density
maps with 3.58 Å resolution that di�er near residue 100l. The atomic model �t to the second
density map shows the antibody interacting with the Env trimer apex through a long, negatively
charged CDRH3 (Figure 2C).

D(100l) interacts with residues from two distinct gp120 subunits. Both electron density maps
show well-resolved electron density for gp120 residues R166 and K169 (Figure S14). In contrast,
density for residue D(100l) and for neighboring F(100d) is more ambiguous. Both maps show
signi�cant density between the modeled side-chain locations of D(100l) and F(100d). The �rst
map localizes the density more closely to F(100d), a feature that suggests multiple occupied
rotamers for F(100d) (Figure S14A). Density isosurfaces (1.2 and 3.0σ) for residue D(100l) show
little density associated with the modeled location of the side-chain carboxyl group, perhaps
indicative of a mobile side-chain. The second map, in contrast, localizes the density more closely
to residue D(100l) (Figure S14B). This does result in density localized to the modeled location
of the side-chain carboxyl of D(100l), but the peak extends further toward the modeled locations
of F(100d) and gp120 K169.

The atomic model of DU303 �t to the second density map indicates that D(100l) could
form electrostatic interactions with gp120 residues R166 and K169 (Figure 3D). The side-chain
nitrogen of K169 lies 5.1 Å from a side-chain carboxyl oxygen of D(100l). Similarly, one of the
side-chain nitrogens of R166 lies 4.0 Å from a side-chain carboxyl oxygen of D(100l). The position
of these side-chains suggests that the negatively charged D(100l) forms favorable interactions with
positively charged residues on gp120 to improve breadth and potency of neutralization.

SR17



SR3.2 Comparative analysis with DU303 design ensemble

To determine the extent to which design predictions corresponded with experimental structures
we compared 10 members of the low-energy ensemble (LEE) generated during osprey design
with the new structure of DU303 (Figure 3C,F). We aligned structures by the backbone heavy-
atoms of the V2 region of a single gp120 subunit (Chain G, residues 154-177). Members of the
LEE aligned to the Cryo-EM model with an RMSD of 0.79 Å calculated using 93 of 96 backbone
heavy-atoms.

The CDRH3 loop in the experimental structure model is shifted laterally by 2.1 Å compared
to the structures in the LEE, measured at the Cα carbon of residue 100l. Despite this, the
distances between the side-chains of D(100l), R166, and K169 are accurately predicted in the
LEE. The closest side-chain nitrogen of K169 in the LEE lies 4.2 Å from a side-chain carboxyl
oxygen of D(100l). Similarly, one of the side-chain nitrogens of R166 lies 5.0 Å from a side-chain
carboxyl oxygen of D(100l). While the LEE predicts that D(100l) interacts more closely with
K169 than R166 (a relationship that is inverted in the experimental structure model), these
predicted interaction distances di�er by at most one angstrom from those in the experimental
model. The side-chain orientations of this system are qualitatively similar between the LEE and
the experimental model, indicating that osprey correctly predicted the structural consequences
of the N(100l)D substitution.

SR3.3 Structural analysis of PG9RSH N(100f)Y

The EM structure of PG9RSH N(100f)Y shows the antibody interacting with the Env trimer
apex through a hammer-like, negatively charged CDRH3 similar to previous bound structures of
PG9RSH (Figure 2A). However, in contrast to a previous electron microscopy structure (PDB
ID: 5VJ6)4, the CDRH3 loop appears in a twisted conformation (Figure SR2). We focus our
detailed structural analysis around PG9RSH N(100f)Y residue 100f.

Y(100f) interacts with side-chains and glycans from two distinct gp120 subunits. Electron
density maps show well-resolved density for gp120 residues D167, K168, and K169 (Figure S15A).
The �rst two N-acetylglucosamine (GlcNAc) sugars of gp120 glycan N160 are also resolved.
Density corresponding to bNAb residues is more ambiguous. Both 1.2 σ and 3.0 σ isosurfaces
show density peaks between the modeled side-chain locations of residues Y(100f) and Y(100a),
perhaps suggesting the presence of alternate rotamer con�gurations. These isosurfaces do not
contain the modeled locations of terminal hydroxyls for either tyrosine. Examination of low-
density peaks (0.5 σ) reveals a small peak in density of the second GlcNAc of glycan N160 that
is oriented toward the modeled location of Y(100f), suggesting possible interactions between
Y(100f) and the glycan shield (Figure S15B).

The atomic model of PG9RSH N(100f)Y �t to the density map indicates that the primary
interaction between Y(100f) and gp120 is a π-cation interaction with residue K168 (Figure 3A).
The ammonium nitrogen of K168 lies 4.7 Å from the center of the Y(100f) π system, and the
angle between the distance vector and the ring normal vector is approximately 20◦, which is
representative of typical π-cation geometry5. 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 π-cation interaction with the positively charged
K168 to improve breadth and potency of neutralization.

SR3.4 Comparative analysis with PG9RSH N(100f)Y design ensemble

To determine the extent to which design predictions corresponded with experimental structures
we compared 10 members of the low-energy ensemble (LEE) generated during osprey design
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with the new structure of PG9RSH N(100f)Y (Figure 3A, D). We aligned structures by the
backbone heavy-atoms of the V2 region of a single gp120 subunit (Chain I, residues 154-177).
Members of the LEE aligned to the Cryo-EM model with an RMSD of 0.54 Å calculated using
92 of 96 backbone heavy-atoms.

The CDRH3 loops for the LEE structures and the experimental model near residue 100f are
nearly identical in backbone conformation, despite the global di�erence between the twisted and
untwisted conformations. The V2 loop of one gp120 subunit (chain G) exhibits a slight lateral
shift relative to the experimental model. The side-chain locations in the LEE are qualitatively
similar to those in the experimental model. The ammonium nitrogen lies as close as 5.1 Å from
the center of the Y(100f) π system. Interestingly, multiple rotamers of Y(100f) and Y(100a)
appear in the LEE, resulting in a conformation in which these side-chains have rotated and
stacked. While for the majority of the LEE Y(100f) presents the face of the π ring toward K168,
for a few members K168 forms van der Waals interactions with the edge of the aromatic ring.
Notably, the design ensemble indicates D167 may interact with Y(100f), but these predicted
interactions are not supported by the experimental model. However, the overall correspondence
between LEE and experimental model suggests that osprey correctly predicted the structural
consequences of the N(100f)Y substitution.

SR3.5 Structural analysis of DU025

The EM structure of PG9RSH variant DU025 shows the antibody interacting with the Env trimer
apex through a hammer-like, negatively charged CDRH3 similar to previous bound structures of
PG9RSH (Figure 2A). However, in contrast to a previous electron microscopy structure (PDB
ID: 5VJ6)4, the CDRH3 loop appears in a twisted conformation (Figure SR2).

We focus our detailed structural analysis around DU025 residue 100k. The electron density
around the side chain of D(100k) is well-resolved at 1.2σ and maintains a small but noticeable
peak at 3.0σ (Figure S16A). Similarly, clear density is observed at both 1.2 and 3.0σ for the side-
chains of Env residues Q170, K305, and Y173, along with the �rst two core GlcNAc monomers
of glycan N156. Nearly the entire core of glycan N156 is resolved at 1.2σ. Interestingly, three
unassigned density peaks arise in the groove between the V2 and V3 loops at both 1.2 and 3.0σ,
which could indicate the presence of solvent at this interface (Figure S16B). Furthermore, a
bridge of density at 1.0σ arises between the modeled locations of Env residues Q170 and R308,
hinting at long-range or solvent-mediated interactions between the two. Multiple strong density
peaks around the modeled side-chain location of R308 provide evidence for multiple side-chain
conformations at this residue.

These data suggest that residue D(100k) may form long-range or solvent-mediated interac-
tions with residues Q170 and K305, which lie at distances of 4.1, and 6.8 Å, respectively. Ad-
ditionally, D(100k) may interact with residue Y173 and glycan N156. The multiple unsatis�ed
densities at both low and high σ suggest that solvent may play a critical role at this interface.

SR3.6 Comparative analysis with DU025 design ensemble

To determine the extent to which design predictions corresponded with experimental structures
we compared 10 members of the low-energy ensemble (LEE) generated during osprey design
with the new structure of DU025 (Figure 3B, E). We aligned structures by the backbone heavy-
atoms of the V2 region of a single gp120 subunit (Chain I, residues 154-177). Members of the
LEE aligned to the Cryo-EM model with an RMSD of 0.50 Å calculated using 90 of 96 backbone
heavy-atoms.
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Members of the LEE indicate that improvement in binding is predicted to result from favor-
able electrostatic interactions between D(100k) and Q170 or R308. The lowest-energy member
of the design ensemble places one carboxyl oxygen of D(100k) 3.2 Å from the side chain nitrogen
of Q170 and 5.6 Å from R308. K305, on the other hand, lies distal (9 Å) from D(100k).

The design ensemble (based on PDB: 5VJ6) displays the CDRH3 loop in the untwisted con-
formation, whereas the cryo-EM structure of DU025 exhibits a twisted CDRH3 loop. Although
this does not cause large changes for most PG9RSH residues that contact Env directly, residues
100i-100n are displaced by up to 3.6 Å measured at the Cα. Residue D(100k) in particular is
displaced by 3.5 Å, resulting in a signi�cant change in its environment. As a result, although the
design ensemble correctly predicts that D(100k) creates long-range electrostatic interactions, and
correctly predicts a favorable interaction with Q170, 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(100k) in the design ensemble is in fact consistent with the experimental structure.

SR3.7 Inconsistent CDRH3 loop conformation in design inputs of PG9

Interestingly, we noticed di�erences between the CDRH3 conformations of PG9 of our design
input model (based on PDB ID: 5VJ6) and the experimentally determined structures of both
PG9RSH N(100f)Y and DU025. Cryo-EM structures placed the PG9RSH CDRH3 loop in a
twisted conformation, similar to the conformations displayed in previous structures (PDB IDs:
3MME, 3U2S, 3U4E, 4YAQ), but the model represented by 5VJ6 displays an �untwisted� con-
formation (Figure SR2). The consensus between all but one structure suggests that the twisted
conformation is in fact the correct CDRH3 conformation. The aberrant structure, 5VJ6, was
generated by �tting crystal structures of PG9 bound to a V1V2 sca�old (PDB ID: 3U4E) and
unliganded gp120 core (PDB ID: 3DNN) to density obtained via electron microscopy6, but sur-
prisingly the loop conformations in 5VJ6 and 3U4E are di�erent. This suggests that �tting
or processing of 5VJ6 inappropriately modi�ed the CDRH3 loop, resulting in a hallucinated
conformation.

SR4 Comparison to putative germline antibodies

The mutation de�ning PGT145 DU303, N(100l)D, does not appear in the putative germline
antibody (7 via IMGT/V-QUEST8) nor the clonally-related PGT141-PGT144 sequences9. As
such, this mutation appears to represent a higher bar for elicitation by vaccines, albeit by only
one mutation. It is important to note that, due to the long CDRH3 insertion, the CDRH3
sequence of the putative germline antibody was taken from the mature PGT145 antibody when
the D gene did not provide su�cient coverage7.

Similarly, the mutations PG9RSH N(100f)Y and PG9RSH DU025 (Y(100k)D) do not appear
in the putative germline antibodies for PG9 (7 via IMGT/V-QUEST8) nor the somatically-
related PG1610. Nor do either of these mutations appear in the mature PG16 antibody. These
observations suggest that, like DU303, these mutations represent a higher bar for elicitation.
However, position 100k does appear contain a mutation away from germline in both PG9 and
PG16, suggesting that, at least for DU025, the bar for vaccine elicitation is no higher than for
the wild-type PG9 antibody, ignoring the RSH chimeric context.
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SR5 Investigation of additional Env genotypes

We are interested in additional questions and extensions to this work, but unfortunately many of
these are beyond the scope of the current manuscript. Can this method be applied to any antigen
genotype to successfully improve breadth? We suspect that the answer is no. We have in fact
been careful to avoid claims that improved breadth can result from design against any antigen in
this manuscript. How, then, can we di�erentiate between antigens that are more �canonical� (i.e.,
antigens for which design for potency can result in breadth), versus those that are less? In the
discussion section of this manuscript we provide several hypotheses for how one could begin to
address this question, but we leave the evaluation of these hypotheses for future work. Designs
on additional genotypes could provide information to help answer these questions, although
structural information for these antibodies complexed with other Env genotypes is sparse. The
results of such designs would not themselves be de�nitive, and design results would need to be
characterized experimentally.

Nonetheless, to satisfy our curiosity we additionally peformed osprey designs on PGT145
in complex with the AMC011 (PDB ID: 6NIJ) and SIVmac239 (PDB ID: 8DVD) Env trimers,
focusing on CDRH3 residues 100d and 100l. The primary di�erences between these trimers and
the BG505 trimer at this site lie at Env residue 169, which is a lysine, valine, or threonine for the
BG505, AMC011, and SIVmac239 trimers, respectively. We used the unminimized input PDB
structures (after adding hydrogens using MolProbity) as the input structure, with �exible and
mutable residues described in Table SR6, and approximated the top 20 sequences by K∗ score
(and wild-type sequence) for each model.

The results of these designs can be found in the Supplementary Information (Table SR7
and SR8, Figure SR3 and SR4). Overall, we do see sequences with high K∗ scores within the
top 20 sequences of both designs that appear similar to those in the original BG505 design,
especially when focusing on the mutations at position 100d. Di�erences can be seen with respect
to postion 100l, which is expected given the sequence variation at residue 169. Similarly to the
BG505 designs, both the 6NIJ and 8DVD designs assign high K∗ scores to sequences with either
the N(100l)D or N(100l)E mutations, and, like the BG505 design, the AMC011 design assigns a
high K∗ score to the F(100d) D(100l) sequence. However, the low antibody partition function ZAb
and low complex partition function for the PGT145-F(100d)D(100l):AMC011 sequence indicates
that this is not a viable mutation for binding to the AMC011 Env trimer.

Most substitutions of N(100l) with a negatively charged residue result in a decrease in the
unbound antibody partition function ZAb to some extent, indicating that the additional negative
charge may decrease the antibody CDRH3 stability. However, examining the complex and anti-
body partition functions for these sequences reveals a critical di�erence: The complex partition
function for the BG505:PGT145-D100l complex remains approximately equal to that for the
BG505:PGT145, but the complex partition function for the AMC011:PGT145-D100l complex is
signi�cantly lower than that for the AMC011:PGT145 complex. Thus, our models predict that
the the negatively charged D(100l) is compensated for in the BG505 complex state by interaction
with K169, but not in the AMC011 complex state, where no productive interactions are formed
with V169. The high K∗ score of F(100d)-D(100l) in the AMC011 design is a case of a bad com-
plex partition function divided by a worse unbound partition function � a phenomenon that we
select against using the unbound partition function stability cuto�s. As a result, we would not
have chosen to test the N(100l)D mutation from this design, but would have identi�ed position
100l as a site of interest.

Overall, these additional designs suggest that osprey is correctly modeling the environment
at this site. Similar mutations were found by osprey ranked by K∗ score alone, but there were
signi�cant di�erences in results after �ltering by stability. It is impossible to assess the e�ects
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of many of these mutations (e.g., Y(100d)W, N(100l)M) without experimental characterization,
but these results provide a direction for possible future work.

SR6 Structure modeling of additional Env genotypes

To gain further insight into the mechanisms of improved breadth for these variant antibodies
we constructed homology models of each antibody in complex with Env trimers from other
strains of HIV or SIV. We �rst leveraged existing structures of PGT145 in complex with the
AMC011 (PDB ID: 6NIJ) and SIVmac239 (PDB ID: 8DVD) trimers to construct conservative
homology models. Unfortunately, to our knowledge there are still no structures of PG9 in complex
with Env trimers from strains other than BG505. The primary di�erence between AMC011 or
SIVmac239 trimers and the BG505 trimer near residue 100l is the identity of Env residue 169,
which is a lysine, valine, or threonine in BG505, AMC011, and SIVmac239, respectively. We
used the unminimized input PDB structures (after adding hydrogens using MolProbity) as the
input structure, with �exible and mutable residues described in Table SR6. We used osprey

to mutate PGT145 residue N(100l) to aspartate in both structures and generated ensembles of
predicted low energy conformations in the same manner as described in the methods section of
the manuscript. We then compared the resulting ensembles to the Cryo-EM structure of DU303
to model the e�ect of Env sequence and structural variation on DU303.

Broad structural features match well between the models of DU303 bound to AMC011 or
SIVmac239 and the DU303:BG505 experimental structure, but small di�erences in loop confor-
mations are evident (See Figure SR5) We aligned structures by the 23 Cα atoms of the CDRH3
loops, which aligned to the cryo-EM structure of DU303:BG505 with an RMSD of 1.62 Å or 0.86
Å for the models of DU303:AMC011 or DU303:SIVmac239, respectively. Slight di�erences are
evident in the CDRH3 loop of DU303:AMC011 relative to DU303:BG505, which signi�cantly
change the orientation of the Cα-Cβ vector of residue 100l relative to the DU303:BG505 struc-
ture. The CDRH3 loop of DU303:SIVmac239 appears quite similar to that of DU303:BG505.
The V2 loops in both models are roughly consistent with those in the experimental structure, but
shifts of up to 3 Å or 7 Å relative to the BG505 V2 conformations can be seen. These di�erences
could re�ect real conformational di�erences, conformational heterogeneity, model �tting error,
or experimental uncertainty.

The intermolecular interactions of residue D(100l) in both models are signi�cantly reduced
relative to the experimental structure. Not only is V169 too short to interact with the rela-
tively distant D(100l) in the DU303:AMC011 model, but the reorientation of residue 100l due to
CDRH3 conformation di�erences seems to preclude positive interactions with V169. Addition-
ally, this reorientation increases the distance between residue 100l and R166, and, as a result,
the model predicts no signi�cant interactions between these residues. T169 is also too short to
interact with D(100l) in the DU303:SIVmac239 model. R166 appears to interact primarily with
the sulfated tyrosine at residue 100f, possibly due to shifts in the V2 loop position relative to
the DU303 experimental structure. Overall, these models suggest that DU303 would not gain
neutralization potency for the AMC011 HIV strain and for the SIVmac239 SIV strain due to
lack of interaction with the important K169 residue. Similar observations were also previously
gleaned from the analysis of large-panel neutralization data (See Figure S10).

Due to the lack of experimental structure information for PG9 binding to Env trimers other
than BG505, to model the interactions of P9RSH N(100f)Y and DU025 we also pursued less
conservative modeling approaches. We used AlphaFold Multimer11,12 to predict structures of
PG9RSH N(100f)Y in complex with Envs from strains ZM233.6, and JRFL.JB, and predicted
structures of DU025 in complex with JRFL.JB and TRO.11. Additionally, we predicted struc-
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tures of all antibodies in complex with BG505.W6M.C2 as a positive control. We examined 25
predicted structures for each complex. In general, although the antibody and Env structures in-
dividually showed good homology to existing structures, the antibody binding epitope was poorly
predicted. Only a few predicted structures placed antibodies near the Env apex (Figure SR6),
and no structures successfully recapitulated the parallel β-strand interaction between PG9RSH
and the Env V2 loop. Interestingly, no predicted structures for the BG505 control placed these
antibodies near the apex of the Env trimer.

Overall, our modeling yielded good results when based on conservative modi�cation of existing
experimental structures, but was less successful when such structures were unavailable. Due to
the scarcity of experimental structure data, the di�culty of modeling protein loops, and the
di�culty of accurately predicting binding interfaces, further modeling of the interactions between
these variant antibodies and diverse Env trimers is deferred to future work.
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