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Materials and Methods 
Human specimens  

The sera and peripheral blood mononuclear cells (PBMCs) used in this study were 
collected from donor N123 on June 22nd, 2009. This donor is a chronically HIV-1-
infected individual enrolled in the National Institute of Allergy and Infectious Disease 
(NIAID) under a clinical protocol approved by the NIAID Investigational Review Board 
(8, 9). This donor was diagnosed with HIV in 2000. After more than nine years of 
infection, this donor showed a CD4 T-cells count of 463 cells/ml and a plasma HIV-1 
viral load of 4920 RNA copies/ml at the time of sample collection. This donor was not on 
antiretroviral treatment. Other 23 sera tested in this study were also from chronically 
HIV-1 infected subjects enrolled in the NIAID cohort. As described previously (8, 9), all 
the donors were presumed to be infected with clade B virus based on the locations of 
current and former residences.  

 
HIV-1 Env-pseudotyped virus 

 HIV-1 Env-pseudotyped virus stocks were grown in 293T cells by cotransfection 
of a pSG3ΔEnv backbone and an Env expression plasmid as described (40). To produce 
virus stocks with glycosylation modifications, virus stocks were grown in 293T cells in 
the presence of glycosylation inhibitor kifunensine at 25 µM, or in the presence of 
swainsonine at 20 µM, or GNTI-/- 293S cells as described (11, 13). 

 
Neutralization assays 

Serum and monoclonal antibodies (mAbs) neutralization was assessed in a single 
round virus infection assay using TZM-bl target cells (TZM-bl assay) as described (40). 
The serum was assayed at 8-point 4-fold dilutions starting at 1:100 dilutions, and the 
mAbs were assayed at 5-fold dilutions starting at 50 µg/ml. A nonlinear regression 
neutralization curve was fit using 5-parameter hill slope equation, and the 50% and 80% 
inhibitory concentrations (IC50 and IC80) were determined. To evaluate the neutralizing 
activity of mAb N123-VRC34.01 on a panel of 208 HIV-1 strains, an automated 384-
well microneutralization assay was performed as described (41, 42). 

 
To evaluate the interaction of VRC34.01 with cell-free virus and the contribution of 

this interaction to neutralization, a washing step was introduced as described (21, 43). 
Briefly, JR-FL.JB pseudotyped virus stock (1:16 diluted) was mixed with 5-fold serially 
diluted mAbs. After 30 minutes incubation in 37 degrees, the virus-antibody mixture was 
centrifuged 40000 rpm for 20 minutes and the supernatant were discarded. Additional 
two washes were performed using cDMEM. Virus pellet was then resuspended into 500 
µl cDMEM and 50 µl of which was mixed with 20 µl of TZM-bl cells (0.5 million/ml) 
for overnight incubation in 37 degrees. 130 µl cDMEM was added on day 2. On day 3, 
cells were lysed and the luciferase activity was measured as described (21, 43). 

 
In neutralization competition assay, 5 µl of protein or medium was added to each 

well including cell-only and virus-only control wells at a concentration of 250 µg/ml. 10 
µl of 5-fold serially diluted mAbs or 4-fold serially diluted human sera were then added. 
The protein/antibody mixture was incubated for 30 minutes at 37 °C before adding 35 µl 
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of viruses. The final concentration of the protein in the 50 µl mixture is 25 µg/ml. The 
starting concentration of mAbs in the mixture is 50 µg/ml, and the starting concentration 
of human sera is 1:20. The mixture was further incubated for 30 minutes at 37 °C before 
adding 20 µl of TZM-bl cells (0.5 million/ml). After overnight incubation at 37 °C, 130 
µl cDMEM was added. On day 3, cells were lysed and the luciferase activity was 
measured. 
 
Serum neutralization fingerprint analysis 

The epitope specificity of donor N123 serum was predicted using neutralization 
fingerprint analysis (44). Briefly, the serum neutralization on a panel of 21 HIV-1 strains 
was determined by TZM-bl assay. The polyclonal serum neutralization fingerprint, i.e. 
the pattern of neutralization titers, was represented as a combination of the neutralization 
fingerprints of a reference set of mAbs targeting the main sites of vulnerability on HIV-1 
Env. The score of each reference mAb specificity was determined based on the method 
described previously (44), and then used to predict the polyclonal serum specificity. The 
fingerprinting method, due to its underlying mathematical constraints (44), must 
distribute the scores to the set of reference antibody specificities, and is thus not optimal 
for use in cases where the sera include dominant specificities not found in the reference 
set. 

 
Probe production, memory B cell sorting and Ig gene recovery 

The trimeric HIV-1 Env BG505 SOSIP.664.T332N gp140 with an Avi tag 
(GLNDIFEAQKIEWHE) inserted at the C-terminus was expressed and purified as 
described (45). Briefly, the BG505 SOSIP.664.T332N and furin plasmid DNAs were co-
transfected into 293F cells. The supernatants were harvested 6 days post transfection, and 
purified through VRC01 antibody –affinity column followed by gel filtration. The BG505 
SOSIP.664.T332N protein was further biotinylated using birA ligase (Avidity) and 
conjugated to streptavidin-PE (Invitrogen) as described (40).  

 
PBMCs (6/22/09) from donor N123 were stained using LIVE/DEAD® Fixable 

Aqua (Invitrogen); CD3-Cy7APC, CD4-BV605, CD14-BV605, CD8-BV711, CD19-
Cy7PE, IgG-Alx680 and IgM-Cy5PE (BD Pharmingen). They were also stained with 
probe BG505 SOSIP.664.T332N-streptavidin-PE. Cells that were CD3-CD4-CD14-CD8-
CD19+IgG+IgM- and BG505 SOSIP-streptavidin-PE+ were sorted into 96-well plates at 
single cell per well using a BD Aria II as described (40). The variable regions of gamma, 
kappa and lambda chain genes were recovered from singe B cell as described (40). 
Briefly, RT-PCR was performed using single cell lysate. Nested PCR were than 
performed to amplify heavy or light chain genes using different multiplex primer pools as 
described (45). PCR products were sequenced, analyzed using IMGT database 
(http://www.imgt.org/) and then subcloned into expression vectors. Paired heavy and 
light chain genes were then co-expressed and purified to obtain monoclonal antibodies as 
described (40).  
 
ELISA  

BG505 gp120 ELISA and VRC34-epitope scaffold ELISA was performed as 
described (40). Briefly, plates were coated with protein overnight at 4 °C. Coated plates 
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were blocked, incubated with serially diluted antibody or serum, and then incubated with 
goat anti-human IgG conjugated with horseradish peroxidase (HRP) (Jackson 
ImmunoResearch Laboratories Inc., West Grove, PA). Plates were washed 6 times 
between each step. Plates were further developed using 3,3’,5,5’-tetramethylbenzidine 
(TMB) (Kirkegaard & Perry Laboratories) and read at 450 nM. For BG505 SOSIP.664 
trimer ELISA, plates were coated with 2 µg/ml of a sheep anti-gp120 C5 antibody, 
D7324 capture antibody (Cliniqa Corp., Fallbrook, CA) in PBS overnight at 4 °C. Plates 
were then blocked with 200 µl/well of 5% milk in PBS for 1 hour at 37 °C, followed by 
incubation with BG505 SOSIP.664 trimer with D7324 tag at 2 µg/ml in 10% PBS for 2 
hours at 37 °C. Plates were further incubated with first and antibody, and then developed 
as described above. For competition ELISA on BG505 SOSIP. 664 trimer, after the 
incubation with BG505 SOSIP.664 trimer with D7324 tag, 50 µl of cold competitor 
mAbs at 20 µg/ml was added to the plates and incubated for 15 minutes, and 50 ul of the 
biotinylated mAbs was added to the plates without washing. The final concentration of 
competitor mAbs was 10 µg/ml and the final concentration of biotinylated mAbs was 
pre-optimized by titration.  

  
Cell surface staining 

Cell surface staining was performed as described (46). Briefly, 293T cells were 
transfected by Env expression plasmids (JR-FL Env or BG505 Env). Cells were harvest 
48 hours post transfection and stained with vivid staining buffer at room temperature for 
30 min. Cells were washed using PBS and incubated with serially diluted mAbs for 30 
min at room temperature. Cells were then washed and stained with mouse anti-human-
IgG-PE. Cells were then fixed by resuspending in 150 µl 2%paraformaihehyde PBS and 
assessed by flow cytometry.  

 
HIV-1 Env mutagenesis 

Site-directed mutagenesis was performed on BG505 and Q23.17 Env through 
GeneImmune Biotechnology LLC, NY. Mutant Env plasmid was used to produce mutant 
Env-pseudotyped viruses.  

 
FP sequence analysis 

The sequence alignment of 3943 HIV-1 strains was downloaded from the HIV 
database (www.hiv.lanl.gov), and the frequency of different amino acid types at residue 
positions 512-519 was analyzed.  

 
TZM-bl cell attachment assay 

We tested the inhibition effect of mAbs on virus-cell attachment. 950 µl of JR-
FL.JB pseudotyped viruses were mixed with 50 µl of mAbs (1 mg/ml) for a final 
concentration of 50 µg/ml or mixed with medium control, and then incubated at 37 
degree for 30 minutes. 5 million TZM-bl cells were pelleted by centrifuging at 1000 rpm 
for 5 minutes and then resuspended in the virus-mAb mixture. After 30 minutes 
incubation at 37 degree, the cells were washed twice by PBS and resuspended in 150 µl 
vivid staining buffer for 30 minutes incubation at room temperature. After incubation, 
cells were washed twice with PBS and then incubated with biotinylated 2G12 for 30 
minutes at room temperature. After that, cells were washed twice with PBS, and 



 5 

incubated with streptavidin-PE for 30 minutes at room temperature. Finally, cells were 
washed twice with PBS and fixed by resuspending in 150 µl 2% paraformalhehyde PBS 
and assessed in flow cytometry. Median fluorescence intensity (MFI) was obtained from 
at least 10,000 cell events and background defined by the MFI of TZM-bl cells without 
virus incubation was subtracted from the MFI values. MFI values were then normalized 
to the medium control, in which no antibody was include; this was defined as 100%. 
Each experiment was repeated four times. 

 
BG505 SOSIP.6R.664.T332N expression and purification 

BG505SOSIP.6R.664 construct was synthesized as described previously, using 
BG505 genbank accession nos ABA61516 and DQ208458 (47), including the isoleucine 
to proline mutation at residue 559 (I559P), the SOS (A501C, T605C), the glycan site at 
residue 332 (T332N), mutating the cleavage site to 6R (REKR to RRRRR) and having 
the last residue being 664 per HX numbering.  

 
The construct was cotranfected with furin in HEK 293 S GnTI-/- cells using 600 µgs 

plasmid DNA and 150 µgs of furin. The supernatants were harvested 7 days after 
transfection, and run over VRC01 affinity column. Following a PBS wash, the proteins 
were eluted using 3M MgCl2, pH 7.4. The eluate was concentrated using centricon-70 
and directly purified through Superdex 200 size exclusion chromatography in 5mM 
HEPES, pH 7.5, 150mM NaCl, 0.02% azide. The trimeric peak was isolated, 
concentrated and used directly or flash-frozen in liquid nitrogen and kept at -80°C until 
further use. 
 
Fab expression and purification 

PGT122 and VRC34.01 IgG were expressed as previously described. Heavy chain 
plasmids without (VRC34.01) or with (PGT122) HRV3C cleavage site in the hinge 
region were co-transfected with corresponding light chain plasmids in 293F or GnTI-/-
 (for PGT122 which is glycosylated) using TrueFect-Max transfection reagent (United 
Biosystems) according to manufacturer’s protocol. Cultures were fed with fresh media 4 
hours post-transfection and with enriched medium containing valproic acid (4mM final 
concentration) 24 hours after transfection. Cultures were then incubated at 33ºC for 6 
more days and supernatants were harvested and passed though protein A column. After 
PBS wash and low pH elution, eluate was collected. Fabs were obtained by using either 
HRV3C cleavage (PGT122), or Lys-C (Roche) cleavage (VRC34.01) and Fabs were 
purified over superdex 200 column (GE) in 5mM HEPES, pH7.5, 150mM NaCl, 0.02% 
azide. 
 
Complex preparation  

PGT122 and VRC34.01 Fabs were added to a solution of purified 
BG505SOSIP.6R.664.T332N trimer in 2 fold molar excess for 30 min at RT. The 
complex was then partially deglycosylated by adding EndoH (1:10 v/v) in the gel 
filtration buffer and incubate overnight at 4°C. The complex was then purified over gel 
filtration and fractions were pooled, concentrated down to 8 mg/mL and used 
immediately for crystal screening or flash frozen in liquid nitrogen and kept at -80ºC until 
further use. Fusion peptide/VRC34.01 Fab complex was prepared by manually mixing 
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synthetic fusion peptide (residue 512 to 520, Genscript) and VRC34.01 Fab in 10:1 molar 
ratio. 
 
Crystal screening 

The VRC34.01 Fab only, ternary complex and Fusion peptide/VRC34.01 Fab 
complex were screened for crystallization using 572 conditions from Hampton, Wizard 
and Precipitant synergy screens using a Cartesian Honeybee crystallization robot as 
described previously (48) and a mosquito robot. Crystals were observed in a few 
conditions and were manually reproduced. VRC 34 crystal grew in 0.2M Zinc Acetate, 
0.1M Sodium Cacodylate pH6.5 and 15% PEG 8000; The ternary complex crystals grew 
in 0.5M Sodium Chloride, 0.1M Tris-HCl pH8.5, 5% PEG 8000 and 20% 2-methyl-2, 4-
pentanediol; Fusion peptide/VRC34.01 Fab complex crystal grew in 0.1M Imidazole 
pH8, 0.2M Calcium Acetate, 25% PEG 8000. The crystals were cryoprotected in 20% 
glycerol (for VRC34.01 Fab and fusion peptide/VRC34.01 Fab complex), or a solution of 
30% Ethlene glycol (for ternary complex) and data were collected at a wavelength of 
1.00 Å at the SER-CAT beamline ID-22 (Advanced Photon Source, Argonne National 
Laboratory). 
 
X-ray data collection, structure solution and model building 

Diffraction data were processed with the HKL2000 suite (49). The ternary complex 
crystal diffraction data were corrected for anisotropy by 
http://services.mbi.ucla.edu/anisoscale/ with truncations to 4.3 Å, 5.0 Å, 5.0 Å along a, b, 
and c axes, respectively. Structure solution was obtained by molecular replacement with 
Phaser using structures of a Fab (PDB ID: 4JPI, for VRC34.01 Fab), or Env and PGT122 
in (PDB ID: 4TVP) (44), and VRC34.01 Fab (for ternary complex and fusion 
peptide/VRC34.01 Fab complex) as search models. Refinement was carried out with 
Phenix (50). Model building was carried out with Coot (51). The Ramachandran plot as 
determined by MOLPROBITY (52) showed 96% (VRC34.01 Fab), 90% (ternary 
complex) and 95% (fusion peptide/VRC34.01 Fab complex) of all residues in favored 
regions. Data collection and refinement statistics are shown in table S1. 
 
Surface plasmon resonance assay 

Affinities and kinetics of antibody binding to SOSIP and DS-SOSIP were assessed 
by surface plasmon resonance on a Biacore T-200 (GE Healthcare) at 20 °C with buffer 
HBS-EP+ (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA and 0.05% surfactant 
P-20). Trimer was captured either onto a 2G12 or a CD4 surface obtained by capturing 
2G12 IgG or CD4-Ig, respectively, on a flow cell immobilized with ~10,000 response 
units (RU) of mouse anti-human Fc antibody. A 200 nM solution of 2G12 IgG or CD4-
Ig, and a 500 nM solution of trimer were used to create the ligand surface. Binding of 
trimer to antibody was measured with successive injections different concentrations of 
antibody Fab fragments. Blank sensorgrams were obtained by injection of the same 
volume of HBS-EP+ buffer in place of antibody Fab fragments. Sensorgrams of the 
concentration series were corrected with corresponding blank curves and fitted globally 
with Biacore T200 evaluation software using a 1:1 Langmuir model of binding. 
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Time-course of CD4 activation of the trimers was measured at 15 °C in HBS-EP+ 
buffer. 17b IgG and 2G12 IgG were captured on separate flow cells of a CM5 chip 
immobilized with ~10,000 RU of mouse anti-human Fc antibody, by injecting a 200 nM 
solution of each antibody on the sensor chip surfaces at a flow rate 5 µl/min for 2 min. 
One flow cell immobilized with ~10,000 RU of mouse anti-human Fc antibody was used 
as reference flow cell. A 40 nM solution of SOSIP, either alone or in presence of 4-fold 
molar excess of antibody Fab fragment, were incubated in four-fold molar excess of 
sCD4, and samples were injected at different time points. Blank sensorgrams were 
obtained by injection of the same volume of HBS-EP+ buffer in place of trimer and were 
subtracted from reference-subtracted sensorgrams obtained with trimer samples. Binding 
levels in double-referenced sensorgrams were measured 40 s after sample injection.  

 
Affinity of VRC34.01 Fab to the His-tagged fusion peptide was measured on a Ni-

NTA sensor chip (GE Healthcare). 1 mM of Ni2SO4 in running buffer (HBS-EP+) was 
injected for one minute (5 µl/min) to prepare the sensor surface. Fusion peptide with His-
tag (100 µg/ml) was captured at 10 µl/min flow rate for 10 seconds over the nickel 
activated sensor surface. Interaction analysis was performed by flowing serial 
concentrations of antibody VRC34.01 Fab over the peptide captured sensor chip for one 
minute (20 µl/min). 350 mM EDTA and 3M of MgCl2 were used as regeneration buffer. 
The data were processed with SCRUBBER-2 and double referenced by subtraction of the 
blank surface and a blank injection (no analyte). Binding curves were globally fitted to a 
1:1 binding model. 
 
EM data collection and processing 

BG505 SOSIP.664 gp140 trimers were expressed in HEK293F cells and purified by 
2G12-affinity and gel filtration chromatography as described elsewhere (10). VRC34.01 
IgG was treated with papain to generate Fab. The resulting Fab reaction mixture was 
passed over Protein A affinity and gel filtration chromatography columns to remove 
undigested IgG, Fc domains, and papain. Trimers were incubated with a 6 molar excess 
of Fab overnight at room temperature and the complexes were diluted to ~0.03 mg/mL 
prior to application onto a carbon-coated 400 Cu mesh grid that had been glow 
discharged at 20 mA for 30 s. The grids were stained with 2% (w/v) uranyl formate for 
45 seconds. Samples were imaged on an FEI Talos electron microscope operating at 200 
keV, with an electron dose of ~ 25 e-/Å2 and a magnification of 92,000x that resulted in a 
pixel size of 1.57 Å at the specimen plane. Images were acquired with Leginon (53). 
Using an FEI Ceta 16M camera and a nominal defocus range of 1000-1500 nm. Stage 
tilts of 0, 10, 20, 30, 40, and 50° were performed to increase the amount of unique views 
to aid with 3D reconstruction. 

 
Automated particle picking, stack creation, and initial 2D classification was 

performed in the Appion software suite (54). Noise and junk particles were discarded and 
representative class averages with unique views were used to generate an initial common-
lines model using EMAN2 (55) followed by refinement against all 9,261 particles in 
Sparx (56). The resolution of the final reconstruction is ~17 Å based on a Fourier shell 
correlation of 0.5. Two-dimensional back projections of the final 3D models were 
generated using EMAN (55). 
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Docking of the VRC34.01-BG505 SOSIP complex into EM density map of the HIV-1 
Env trimers in membrane-bound context  

To analyze relative distance of fusion peptide to the HIV-1 viral membrane, the 
negative stain EM map of the VRC34.01-BG505 SOSIP.664 complex was first 
superposed with the EM density of HIV-1 Env trimers reconstructed from their 
membrane-bound context (EMDB 5019 and 5022, or EMDB 5457) (28) with program 
Chimera (57). The coordinates of VRC34.01-BG505 SOSIP.664 complex as extracted 
from the ternary complex crystal structure was then fitted into the EM map of the 
VRC34.01-BG505 SOSIP.664 complex.  
 
Molecular Dynamics of Mannose-9 model 

 Using the BG505.SOSIP.664 Env trimer structure (PDB ID: 4TVP) as starting 
template, we modeled in a fully extended Mannose 9 moiety at each N-linked 
glycosylation sequon using our in-house software glycosylator. The fusion peptide 
structure was then grafted onto our full Mannose 9 model and solvated in a 181 x 177 x 
177 Å3 water box. The system was neutralized by the addition of NaCl at a concentration 
of 150 mM. The CHARMM36 force field was used for the parameterization of the 
protein (including CMAP corrections) (58) and the mannose 9 (59). TIP3P 
parameterization (60) was used to describe the water molecules. 

  
The molecular simulation was carried out using ACEMD (29) molecular dynamics 

software on their METROCUBO workstation (https://www.acellera.com/products/GPU-
hardware-molecular-dynamics-metrocubo/). The system was minimized for 2000 steps, 
followed by equilibration using the NPT ensemble for 50 ns at 1 atm and 300 K using a 
time-step of 2 fs. We also used rigid bonds and cutoff of 9 Å using PME for long range 
electrostatics. During the equilibration phase, heavy atoms on the protein were 
constrained by a 1 kcal/mol·Å2 spring constant and slowly relaxed over the first 5 ns. 
Following the relaxation phase, the protein was allowed to move freely and simulated for 
500 ns under the NVT ensemble using ACEMD’s NVT ensemble with a Langevin 
thermostat. To achieve a time-step of 4 ps, we used damping at a frequency of 0.1 ps-1 
along with a hydrogen mass repartitioning scheme. 

 
In order to determine the distance from each residue of the fusion peptide to the 

membrane, we first created a POPC membrane bilayer disk with a radius of 95 Å using 
the VMD membrane plug-in (http://www.ks.uiuc.edu/Research/vmd/plugins/membrane/). 
Colores (61) was then used to separately dock the membrane and Env trimer into a cryo-
electron tomography map (EMDB 5457). The distance to the membrane was defined as 
the distance between the closest phosphate head group and each geometric center of the 
side chain for each residue in the fusion peptide.  

 
All solvent-accessible surface area (SASA) calculations were carried out using the 

program NSC (62). Fully extended conformations Gly-Xxx-Gly tripeptide conformations 
for all amino acids were used to normalize the solvent-accessible surface areas.  
 
smFRET data acquisition and analysis 
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HIV-1 JR-FL virions carrying a single dually-tagged Env molecule were produced 
and enzymatically labeled with donor Cy3B (3S) and acceptor Cy5 (4S) COT* 
fluorophores in the V1 and V4 loops of gp120, respectively. Fluorescently labeled virions 
were immobilized on streptavidin-coated quartz microscope slides and imaged on a 
prism-based total internal reflection fluorescence microscope. Movies were recorded at 
25 frames/s for 40 s. smFRET imaging was performed in buffer containing 50 mM Tris 
pH 7.4, 50 mM NaCl, and a cocktail of triplet-state quenchers. 2 mM protocatechuic acid 
(PCA) and 8 nM protocatechuic 3,4-dioxygenase (PCD) were also included to remove 
molecular oxygen. Where indicated, surface-bound viruses were incubated with 0.1 
mg/ml VRC34.01 antibody for 30 minutes at room temperature before imaging. Data 
analysis was performed using custom Matlab software. Fluorescence trajectories were 
extracted from the movies, and used to calculate FRET efficiency where FRET = 
IA/(ID+IA). FRET trajectories were compiled into histograms and fit to the sum of three 
Gaussian distributions. Error bars were generated by propagating the uncertainties of the 
fits through the occupancy calculation. 
 
VRC34-epitope scaffold design 

VRC34-epitope scaffold constructs were designed by adding fusion peptide 
(residues 512-519) to the N-terminus of various scaffold proteins (fig. S19). An N-linked 
glycosylation site was also introduced to some of the constructs to resemble glycan N88 
on HIV-1 Env protein. The VRC34-epitope scaffold (FP-1M6T-K42N) used for human 
sera mapping in this study was designed by connecting the BG505 fusion peptide (512-
519) to the N-terminus of a four helix bundle (63) using a "GGG" linker, with a N-linked 
glycosylation sequon introduced at residue 42 of the scaffold (K42N). A control scaffold 
(1M6T-K42N) with the glycan introduced but with out the fusion peptide (512-519) was 
also used.  
 
Screening of fusion peptide-based immunogen design constructs 

High throughput ELISA analysis was performed to select the best VRC34-epitope 
scaffolds based on the combination of their expression level and affinity to VRC34.01 
mAb. In detail, a 96-well microplate-formatted transient gene expression approach was 
used to achieve high-throughput expression of various design constructs as described 
previously (64). Briefly, 24 hours prior to DNA-transient transfection, 100 µl per well of 
physiologically growing HEK 293T cells were seeded into a 96-well microplate at a 
density of 2.5x105 cells/ml in expression medium (Dulbecco’s Modified Eagle Medium 
and GlutaMAX, supplemented with 6% Fetal Bovine Serum and 1x-Non-Essential 
Amino Acids) (Invitrogen, CA), and incubated at 37°C, 5% CO2. Two hours prior to 
transfection, 100 µl per well of spent medium was replaced with 60 µl of fresh expression 
medium. For transient transfection, DNA-TrueFect-Max complex per well was prepared 
by mixing 0.25 µg plasmid DNA in 10 µl of Opti-MEM transfection medium (Invitrogen, 
CA) with 0.75 µl of TrueFect-Max (United BioSystems, VA) in 10 µl of Opti-MEM, and 
incubating for 15 min, and then mixed with growing cells in the 96-well plate and 
incubated at 37°C, 5% CO2. One day post transfection, 25 µl per well of enriched 
medium, ProBooster Protein Expression Enhancer for Adherent cell (ABI, VA) was fed. 
On day three and four post transfection, 96-well culture plate was exposed to oxygen in 
the sterilized air hood once per day. Five days after transfection, the antigenicity of 
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immunogens was characterized by ELISA assay. Briefly, 30 µl per well of supernatant 
expressed in the 96-well microplate was diluted with 70 µl of PBS in a Nickel coated 96-
well ELISA plate (Thermo, IL) and incubated for two hours at room temperature (RT). 
After washing with PBS + 0.05% Tween 20, 100 ul per well of primary antibody at a 
concentration of 10 ug/ml in PBS with 0.5 % (W/V) dry milk and 0.02% tween 20 was 
incubated for 1 hour at RT. After washing, 100 ul per well of Horseradish peroxidase 
(HRP)-conjugated goat anti-human IgG antibody (Jackson ImmunoResearch 
Laboratories Inc., PA) at 1:10,000 in PBS with 1.0 % (W/V) dry milk and 0.02% tween 
20 was incubated for 30 min at RT. After washing, the reaction signal was developed 
using BioFX-TMB (SurModics, MN) at RT for 10 min, and then stopped with 1 N 
H2SO4. The readout was measured at a wavelength of 450 nm. Constructs with highest 
readout were selected. 
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VRC34.01 alone and in complex with HIV-1 Env trimer and wrote paper, PA, co-
determined mechanism of VRC34.01 neutralization and wrote paper; TML and CS, 
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contributed donor N123 samples; ABW, headed EM structure determination; PDK, 
headed structure determination and wrote paper; JRM, headed antibody identification and 
characterization and wrote the paper. 
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Fig. S1. Neutralization titers and serologic mapping of donor N123 serum. 
(A) Neutralization titers of N123 serum on a panel of 22 HIV-1 Env-pseudotyped viruses. 
The serum dilutions corresponding to a 50% inhibition (ID50) of virus entry into TZM-bl 
cells are shown. An ID50 greater than 1:100 is considered as positive neutralization. 
Geometric mean ID50 were calculated based on viruses with ID50 that is greater than 
1:100. (B) Serological fingerprint of the N123 serum (32, 44). The score shows the 
estimated contribution of each type from a reference set of antibodies, with a score of 1 
indicating 100% contribution. These scores, however, are only useful for sera for which 
the dominant specificities are found in the reference set. (C) N123 serum neutralization 
against wildtype and mutant viruses. The ID50 and ID50 fold change are shown. A mutant 
with ID50 fold change that is greater than 3 is considered to be critical for serum/antibody 
neutralization. N123 serum neutralization is not sensitive to PG9-specific and 2G12-
specific mutations.  
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Fig. S2. Isolation and genetic characterization of VRC34 lineage mAbs. (A) Antigen-specific 
sorting of PBMCs from donor N123 (6/22/09). 40 million PBMCs were stained for sorting. The 
gating strategy for live memory B cells (VIVID-/CD3-/CD4-/CD8-/CD14-/CD19+/IgG+/IgM-) is 
shown. The cells are shown using a density plot format and the fluorescence intensity of the 
staining is shown. A total of 92 B cells (~0.37% of IgG+/IgM- B cells) that were positively 
stained with probe BG505 SOSIP.664-PE were sorted into 96-well plates containing lysis buffer. 
The blue line indicates gating cutoff. VRC34.01-07 B cells are highlighted in red. FSC-A, 
forward scatter area; FSC-H, forward scatter height; and SSC, side scatter area. (B) Maximum 
likelihood tree of nucleotide sequences of VRC34.01-07 heavy and light chain variable (V) 
region. (C) Genetic characteristics for VRC34 lineage mAbs. Gene assignment and mutation 
frequency were determined using the IMGT database (http://imgt.org). The CDR3 sequences 
were determined according to the Kabat definition. (D) Amino acid sequence alignment of heavy 
and light chain variable regions. Antibody residue numbering, framework regions (FR) and 
complementarity-determining regions are based on Kabat nomenclature.   
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Fig. S3. Neutralization titers (IC50) of VRC34 lineage mAbs on 22 HIV-1 Env-
pseudotyped viruses. Geometric mean IC50 were calculated based on viruses with IC50 
that is lower than 50 µg/ml. 
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Fig. S4. VRC34.01 neutralization on a panel of 208 HIV-1 strains. The neutralization 
titers (IC50 and IC80) against each virus are shown as scatter plots. Those viruses not 
neutralized at 50 µg/ml are shown as >50 µg/ml and the percent virus neutralized (IC50 or 
IC80 <50 µg/ml) are shown at the top.  
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Fig. S5. Binding characteristics of VRC34 linage mAbs. (A) Binding of VRC34 
lineage mAbs on BG505 gp120 monomer (left) and SOSIP.664 gp140 trimer (right) in 
ELISA. Broad neutralizers (VRC34.01-04) are highlighted in red and weak neutralizers 
(VRC34.05-07) are highlighted in blue. (B) Neutralization curves of VRC34.01-07 
against the BG505 Env-pseudovirus. At each mAb concentration, the average % 
neutralization of duplicate wells is shown. (C) Antibody staining of 293T cells with 
surface expression of BG505 Env trimer. At each mAb concentration, at least 10,000 
cells were assessed and the median fluorescence intensity (MFI) is shown. (A-C) 
Representative of two to three independent experiments is shown.   
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Fig. S6. Competition ELISA. BG505 SOSIP.664 trimer protein was captured on ELISA 
plate by D7324 antibody. 10 µg/ml cold competitor mAbs were added to the plates 15 
minutes prior of adding biotin labeled mAbs. Percent inhibition of biotin-mAb binding 
was calculated by comparing cold competitor mAbs versus PBS control.  
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Fig. S7. VRC34.01 neutralization against BG505 Env-pseudotyped viruses with 
single amino acid mutations at N-linked glycosylation sites. Antibody neutralization 
was tested on the wildtype BG505 Env pseudovirus and 28 glycosylation site mutants, in 
which 27 mutants knock out N-linked glycosylation site by substituting ASN (N) with 
Gln (Q), Lys (K),  Asp (D) or Ala (A), or by substituting Thr (T) with Ala (A), and 
T332N knocks in a glycosylation site. The amino acid numbering is based on HIV-1 
HxB2 sequence. The neutralization IC50 titer was calculated and the IC50 fold change 
caused by each mutation is shown. A value larger than 1 indicates that the mutant is more 
resistant while a value less than 1 indicates that the mutant is more sensitive. A >5 fold 
change (5 fold more resistant) is highlighted in red, while <0.2 fold change (5 fold more 
sensitive) is highlighted in blue. Antibody 35O22 was not tested because it does not 
neutralize wildtype BG505.  
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Fig. S8. mAb neutralization against viruses grown in 293T cells with or without the 
presence of glycosylation inhibitors kifunensine, swainsonine or in GnTI-/- 293S 
cells. (A) Neutralization curves of VRC34.01, PGT151, 35O22 and VRC01 against 
Bal.01, BG505 and JR-FL.JB. One representative of three independent experiments is 
shown. BG505 grown in GnTI-/- 293S cells was not tested due to low infectivity. (B) 
IC50 fold change of mAb neutralization. A value of 1 indicates no change, while >1 
indicates reduced neutralizing activity and <1 indicates enhanced neutralizing activity. 
>1000 is shown as 1000. <0.01 is shown as 0.01. Mean and standard deviation (SD) of 
three independent experiments are shown.  
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Fig. S9. VRC34.01 neutralization against BG505 Env pseudotyped viruses with 
single amino acid mutation at the N-terminus of fusion peptide (AA 512-520). 
Antibody neutralization was tested on the wildtype BG505 Env pseudovirus and a panel 
of mutants. The amino acid numbering is based on HIV-1 HxB2 sequence. The 
neutralization IC50 titer was calculated and the IC50 fold change caused by each mutation 
is shown. A value larger than 1 indicates that the mutant is more resistant while a value 
less than 1 indicates that the mutant is more sensitive. A >5 fold change (5 fold more 
resistant) is highlighted in red, while <0.2 fold change (5 fold more sensitive) is 
highlighted in blue. Antibody 35O22 was not tested because it does not neutralize 
wildtype BG505.  
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Fig. S10. VRC34.01 interaction with glycan N88 on HIV-1 gp120. Glycan N88 was 
targeted mostly by CDR-L1, L2 and H3 of VRC34. Y98 on CDRH3 and Y50 on CDRL2 
stack their side chains with the carbohydrate backbone of glycan N88, while hydrogen-
bonds formed between light chain residues N31, S67 and glycan N88 may further 
stabilize the interaction.  
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Fig. S11. Negative stain  electron microscopy of VRC34.01 in complex with trimeric 
BG505 SOSIP.  (A) ~18 Å Negative-stain EM in top and side views. (B) Negative-stain 
EM  density with the crystal structure of BG505.SOSIP.664-VRC34 complex docked in. 
(C) Comparison of modes of recognition to the HIV-1 Env by antibodies PGT151, 
VRC34, 35O22 and 8ANC195. For clarity, antibodies were only shown to interact with 
one protomer. (D) Footprints of antibodies mapped onto the EM density. 
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Fig. S12. Electron density map of fusion peptide in the crystal structure of 
VRC34.01 Fab/fusion peptide complex. Stimulated annealing omit Fo-Fc map (gray 
mesh) for the synthetic fusion peptide in the VRC34 Fab/peptide complex structure was 
contoured at 3σ. VRC34 antibody Fab was shown as ribbon, and fusion peptide residues 
512-519 were shown as sticks.  
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Fig. S13. Superimposition of VRC34.01 Fusion peptide contacting region between 
fusion peptide bound and unbound forms. With a 0.52 Å root-mean-square deviation 
(rmsd) over 220 VRC34.01 Fv region Cα-atoms and about 88% of the paratope residues 
on VRC34.01 having side-chain remaining in similar positions, there was no significant 
conformational change in VRC34 CDR region upon fusion peptide engagement. 
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Fig. S14. Surface plasmon resonance measurement of antibody binding to 
SOSIP.664 and DS-SOSIP.664 trimers. Trimers were captured by either 2G12 IgG or 
CD4-IgG on a CM5 chip coated with human anti-Fc antibody. Antibody Fab fragments 
were injected at concentrations of 200, 67, 22, 7.4 and 2.5 nM concentrations. The black 
lines indicate blank subtracted sensorgrams and the green lines indicate global fit of each 
dataset to a 1:1 Langmuir binding model. Affinity and kinetics parameters are reported in 
Figure 3B. Representative of at least two independent experiments are shown. 
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Fig. S15. Antibody inhibition of SOSIP.664 binding to CD4. Surface plasmon 
resonance measurement of SOSIP.664 binding to either 2G12 or CD4-Ig, alone or in the 
presence of antibody Fab fragments. The trimers samples were injected over a 2G12-
immobilized channel and a CD4 Ig- immobilized surface. Each injection was repeated 
three times, and all three replicate sensorgrams are shown for each set of measurements. 
The response units were read out 60s post injection stop and the average responses were 
used to calculate the binding ratios reported in Figure 3C. 
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Fig. S16. Neutralization IC50 (µg/ml) of the single-round of replication Env-
pseudotyped JR-FL.JB virus on in TZM-bl target cells by multiple mAbs. 
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Fig. S17. Inhibition of CD4-induced activation of SOSIP.664 by antibodies 
VRC34.01, PGT151, 35O22, PGT122 and PGT145. Samples containing SOSIP.664, 
either alone or in the presence of antibody Fab fragments, incubated with soluble, 2-
domain CD4, were injected onto a 17b antibody surface at different time-points. Each 
line on a graph indicates a double referenced sensorgram from an independent sample 
injection at a time-point, color-coded by antibody using the color scheme depicted in 
Figure 3. The vertical, dotted magenta line indicates the time-points at which the 
response units are reported in Figure 3. Experiments were replicated at least three times 
and representative datasets are show  
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Fig. S18. Simulation reveals residues 512-520 of the fusion peptide are solvent 
exposed.  Box-and-whisker plot for normalized solvent-accessible surface area (SASA) 
over 500 ns of molecular dynamics simulation.  The median normalized SASA value for 
each residue is represented as horizontal line in each box.  The mean value is represented 
as a small filled box. The height of each box is set by the 25th and 75th interquartile range 
and the whiskers are determined by the 5th and 95th percentiles. The minimum and 
maximum normalized SASA value for each residue over the length of the simulation is 
represented as ‘x.’  All SASA values from the fusion peptide were normalized using a 
fully extended Gly-Xxx-Gly peptide (where Xxx is the residue under consideration). The 
normalized SASA value for residue 512 can be larger than 1.0 since the n-terminus of 
this residue is completely exposed. 
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Fig. S19. VRC34-epitope scaffold design. (A) Construct names and ELISA signals for 
VRC34.01 binding in a 96-well transfection format. (B) The structure of the scaffold 
used for the top 3 designs.  The N-terminus of the scaffold, where the fusion peptide were 
added to via a GCG linker, is shown in red. The sites where N-linked glycosylation were 
introduced are shown in blue (K42N) or light blue (A35N, E49N).  (C) ELISA analysis 
of the 1M6T-K42N scaffolds, with and without attaching the fusion peptide at the N-
terminus, with VRC34.01. 
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Fig. S20. Serum binding to fusion peptide in ELISA. 24 sera from a NIAID cohort of 
HIV-1 infected subjects were assessed in ELISA for binding to a VRC34-epitope scaffold 
protein with BG505 fusion peptide 512-519 sequence (red line) or the control scaffold 
only (blue line). mAb VRC34.01 and a normal human serum were tested as control. 
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Fig. S21. mAb and serum neutralization in the presence of VRC34-epitope scaffold. 
(A) Neutralization curves of mAbs and serum in the presence of VRC34-epitope scaffold, 
control scaffold or medium. One representative of four independent experiments is 
shown. (B) Percent reduction of serum neutralization against HIV-1 Q168.a2 and Q23.17 
in the presence of VRC34-epitope scaffold. As described in methods, the percent 
reduction in the presence of VRC34-epitope scaffold is calculated by comparing to the 
presence of control scaffold. Mean and standard deviation (SD) of four independent 
experiments are shown.  
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Fig. S22. mAb and serum neutralization against wildtype Q23.17 and fusion peptide 
mutant viruses. (A) mAb and serum neutralization against wildtype Q23.17 and G516A 
mutant. One representative of three independent experiments is shown. (B) Neutralization 
ID50 or IC50 fold change of mAb and serum against wildtype Q23.17 and G516A mutant. 
A value of 1 indicates no change, while >1 indicates reduced neutralizing activity and <1 
indicates enhanced neutralizing activity. When the neutralizing activity was knocked out 
by the mutation, the ID50 or IC50 change is shown as >10. Mean and standard deviation 
(SD) of three independent experiments are shown. 
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Fig. S23. Antibody recognition of influenza hemagglutinin fusion peptide. (A) Fab 
C179 bound to H2N2 hemagglutinin (PDB 4HLZ) is shown in ribbon representation with 
fusion peptide (1-23) in red spheres docked into the cryo-EM map (EMDB 5684; gray 
mesh) of influenza hemagglutinin bound by antibody C179.  Similar to respiratory 
syncytial virus (RSV) fusion glycoprotein (65), the fusion peptide of influenza virus 
hemagglutinin (66, 67) reside ~50 Å from the membrane. (B) Zoom-in of influenza 
hemagglutinin fusion peptide (red spheres) bound by neutralizing antibodies C179 (left) 
and CR8020 (right). With RSV, a conformational change after cleavage buries the fusion 
peptide (65), whereas with influenza, the fusion peptide is partially exposed and the 
primary difference with HIV-1 Env is that the N-terminus of the fusion peptide is fixed, 
and not free to move. Interestingly, broadly neutralizing antibodies (68) do recognize the 
influenza hemagglutinin fusion peptide. (C) Surface areas for influenza-neutralizing 
antibodies C179 and CR8020 with the influenza fusion peptide. Per residue-contact 
surface areas are shown along with the total accessible surface areas of these residues. 
Both HIV-1- and influenza-fusion peptide targeting antibodies trap the fusion machinery 
in a pre-fusion state. However, influenza antibodies target C-terminal portion of the 
fusion peptide, not its N-terminus, and influenza-neutralizing antibodies bind the 
hemagglutinin fusion peptide as a small component of their recognition, whereas 
VRC34.01 binds the HIV-1 Env fusion peptide as a dominant component of its 
recognition.  
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Table S1. Data collection and refinement statistics. 

  Env/VRC34 Fab 

/PGT122 Fab complex VRC34 Fab Synthetic fusion 

peptide/VRC34 Fab 
PDB accession codes 5I8H 5I8E 5I8C 
Wavelength (Å) 1 1 1 
Resolution range (Å) 50 - 4.3 (4.4 - 4.3)* 50 - 2.65 (2.75 - 2.65) 50 - 1.5 (1.6 - 1.5) 
Space group R 3

2
: H  I 4 P 2

1
 2

1
 2

1 
Unit cell 252.3 252.3 561.2  114.6 114.6 174.1  63.5 74.9 84.5  

90 90 120 90 90 90 90 90 90 
Total reflections 1,443,488 511,125 942,320 
Unique reflections 39,396 (2329) 30,065 (3065) 60,166 (5841) 
Multiplicity 4.6 (4.2) 3.3 (3.3) 7.1 (5.3) 
Completeness (%) 82.7 (49.7) 92.9 (94.4) 99.7 (97.9) 
I/σI 5.4 (1.1) 10.2 (2.6) 29.4 (14.1) 
Wilson B-factor (Å

2
) 174 65 9.5 

R
merge

a 0.132 (0.903) 0.123 (0.807) 0.066 (0.140) 
R

pim

b 0.063 (0.435) 0.026 (0.066) 0.072 (0.484) 
CC

1/2

c 0.82 0.57 0.98 
R

work

d   0.27 (0.42) 0.19 (0.30) 0.159 (0.160) 
R

free

d     0.32 (0.41)    0.25 (0.42) 0.181 (0.211) 
Number of non-hydrogen atoms 23988 6546 4112 
  macromolecules 22452 6411 3353 
  ligands 1536 10    water 0 125 759 
Protein residues 2974 846 443 
RMS(bonds) 0.005 0.01 0.007 
RMS(angles) 0.95 1.53 1.19 
Ramachandran favored (%) 92 95 98 
Ramachandran outliers (%) 0.98 0.72 0 
Clashscore 9.99 12.46 2.56 
Average B-factor 243 82 14 
  macromolecules 242 83 11 
  ligands 261 85    solvent   63 25 
* Statistics for the highest-resolution shell are shown in parentheses. 
a Rmerge = Σhkl|I - <I>| / ΣIhkl, where I is the observed intensity for a reflection and <I> is the average 
intensity of a unique reflection obtained from symmetry-related and multiple measurements. 
b Rpim is the precision-indicating (multiplicity-weighted) Rmerge.  
c CC1/2 is the percentage of correlation between intensities from random half-datasets.  
d R = Σhkl||Fobs| - |Fcalc|| / Σhkl|Fobs|, where Fcalc and Fobs are calculated and observed structure factor 
amplitudes, respectively. Rfree was calculated as Rwork using 5% of reflections excluded in refinement. Rwork 
is calculated for the remaining reflections.  
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Table S2. Surface areas of interaction for VRC34.01 in ternary complex with 
PGT122 and BG505 SOSIP.664 trimer. 

HIV-1 Env 
region 

Buried surface area (Å2) 
% Total 

Heavy Chain Light Chain Total 

Fusion peptide 562 194 756 54.7 

Glycan-88 131 229 360 26.0 

Other 267 0 267 19.3 

Total 960 423 1383 100.0 
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Table S3. IC50 and IC80 values of mAb neutralization against JR-FL in different 
assay format. 

  Unwashed Washed Fold change
b
 

  IC50 IC80 IC50 IC80 IC50 IC80 
VRC34.01 0.19 ± 0.04

a
 0.84 ± 0.21 0.54 ± 0.25 2.56 ± 0.71 2.86 ± 1.30 3.06 ± 0.59 

b12 0.04 ± 0.01 0.12 ± 0.03 0.16 ± 0.10 0.31 ± 0.10 4.66 ± 3.45 2.76 ± 1.33 
4E10 6.59 ± 1.89 18.38 ± 2.73 >50 >50 N/A N/A 

a Mean and standard deviation of three independent experiments are shown. 
b IC50 and IC80 fold change of washed versus unwashed neutralization assay. 
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Online supplementary files 
 
Database S1.  
Antibody neutralization data against 208 HIV-1 Env-pseudoviruses. 
 
Database S2 
Fusion peptide sequence analysis and VRC34.01 neutralization of 208 HIV-1 strains 
presented in Figure 2B and 2D.  
 
Database S3 
Sequences of VRC34-epitope scaffold designs presented in Figure S19. 
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