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Next-generation sequencing of antibody transcripts provides a
wealth of data, but the ability to identify function-specific anti-
bodies solely on the basis of sequence has remained elusive. We
previously characterized the VRC01 class of antibodies, which
target the CD4-binding site on gp120, appear in multiple donors,
and broadly neutralize HIV-1. Antibodies of this class have de-
velopmental commonalities, but typically share only ∼50% amino
acid sequence identity among different donors. Here we apply
next-generation sequencing to identify VRC01 class antibodies in
a new donor, C38, directly from B cell transcript sequences. We
first tested a lineage rank approach, but this was unsuccessful,
likely because VRC01 class antibody sequences were not highly
prevalent in this donor. We next identified VRC01 class heavy
chains through a phylogenetic analysis that included thousands
of sequences from C38 and a few known VRC01 class sequences
from other donors. This “cross-donor analysis” yielded heavy chains
with little sequence homology to previously identified VRC01 class
heavy chains. Nonetheless, when reconstituted with the light chain
from VRC01, half of the heavy chain chimeric antibodies showed
substantial neutralization potency and breadth. We then identified
VRC01 class light chains through a five-amino-acid sequence motif
necessary for VRC01 light chain recognition. From over a million
light chain sequences, we identified 13 candidate VRC01 class mem-
bers. Pairing of these light chains with the phylogenetically identi-
fied C38 heavy chains yielded functional antibodies that effectively
neutralized HIV-1. Bioinformatics analysis can thus directly identify
functional HIV-1–neutralizing antibodies of the VRC01 class from
a sequenced antibody repertoire.
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The heavy and light chain sequences of an antibody determine
its antigen-specific recognition (1–3), and a long-standing

problem in structural bioinformatics has been to predict the
recognition of an antibody based solely on its sequence. This
problem of sequence-based recognition can be separated into
two structural components (1): determining recognition from
structure and (2) determining structure from sequence. Both of
these components remain active areas of inquiry, with the latter
representing the famous “protein-folding problem” (4, 5). For
antibodies, the overall structure of immunoglobulins is known,
and recognition is generally determined by six loops, the com-
plementarity-determining regions (CDRs). Despite this reduced
complexity, antibodies display diversity >1012 in each individual
and distinguish epitopes with high precision. Thus, although the
general problem of predicting recognition from sequence remains
intractable, a number of strategies are now being developed to de-
termine recognition from antibody sequence.
First, population-based strategies: if a particular antibody se-

quence is highly prevalent, biological considerations can suggest
a particular function. For example, Reddy et al. (6) used the

population-specific metric of frequency to identify prevalent
lineages of antigen-specific antibodies from bone marrow plasma
cells of immunized mice (6). Second, sequence signature-based
strategies: sequence characteristics can clearly be used to de-
lineate antibodies with similar recognition when the identity is
high (e.g., >90%). Moreover, structurally defined sequence sig-
natures can be effective for identifying select elements within
more divergent sequences (e.g., as low as 30% identity) that
specify related recognition. Third, evolution-based strategies:
evolutionary similarity often reveals functional relationships be-
tween proteins. In the particular case of antibodies, the overall
function is recognition, and evolutionary similarity can reveal
details of this recognition, as demonstrated for the VRC01 class
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antibodies (7–12). Named after the antibody VRC01, this class
includes some of the most effective HIV-1 neutralizers and has
been identified in multiple HIV-1–infected donors. Antibodies
of the VRC01 class share a number of features including a
common gp120 binding mode that incorporates heavy chain
mimicry of the CD4 receptor, heavy chain origin from the
IGHV1-2 germ-line gene, and a light chain characterized by
a CDR L3 region of five amino acids in length. Despite these
similarities, sequence differences between VRC01 class heavy
chains often exceed 50%; nonetheless, Wu et al. (7) used evo-
lutionary similarity to identify VRC01 class antibodies in donors
already known to have VRC01 class antibodies. However, it was
unclear whether these evolutionary techniques could be applied
to new donors, in which template VRC01 class sequences
were unknown.
Advances in next-generation sequencing (13–15) allow for the

routine determination of millions of antibody heavy and light
chain sequences from a sample of donor B cells, providing the
potential for a much more detailed analysis of the expressed
antibody repertoire—the antibodyome (6, 16–18). Here we ask
whether the information acquired from next-generation sequenc-
ing can be combined with recognition/sequence strategies of
population metrics, sequence signatures, and evolution to iden-
tify VRC01 class antibodies in an individual, donor C38, with no
previously characterized antibodies. The results indicate that, in
cases such as with antibodies of the same class that share donor-
independent characteristics, knowledge-based sieving of B-cell
transcripts determined by next-generation sequencing can identify
antibodies with specific recognition from sequence alone.

Results
Serum Analysis of Donor C38 Sample. VRC01 class antibodies
precisely target the CD4-binding site of the gp120 envelope
glycoprotein to achieve broad neutralization of HIV-1 (8, 19). To
date, heavy chains of all VRC01 class antibodies identified

originate from IGHV1-2 family genes. We selected an HIV-1–
infected donor (C38), whose sera exhibited broad and potent
neutralization of HIV-1 (SI Appendix, Table S1). Serum neu-
tralization of a panel of eight HIV-1 isolates was assessed in the
presence of a resurfaced HIV-1 gp120 core protein (RSC3),
a probe that binds VRC01 (19), and a negative control (ΔRSC3)
that contains a single amino acid deletion in the VRC01 binding
site. In the presence of RSC3 but not ΔRSC3, sera from donor
C38 showed a mean 22% reduction in neutralization. Although
this reduction was less than seen in donors 45, 74, and 0219, from
which we had previously identified VRC01 class antibodies (7)
(Fig. 1A), the data nonetheless suggested the presence of VRC01
class or other types of CD4-binding site-directed antibodies in
this donor.

454 Pyrosequencing and Sequence-Based Identification of VRC01-
Class Antibodies. We performed next-generation sequencing of
donor C38 B-cell transcripts using PCR to amplify IgG and IgM
heavy chain sequences from the VH1 family. mRNA from
an estimated 5 million peripheral blood mononuclear cells
(PBMCs) was used for reverse transcription to produce template
cDNA. We initially used primers that overlapped the end of the
V-gene leader sequence and the start of the V region (H1 pri-
mers) (7, 20) and then switched to more upstream primers that
annealed to the start of the V-gene leader sequence (G1 primers;
SI Appendix, Table S2) (10); by avoiding the variable region, the
G1 primers were better able to capture sequences with increased
somatic mutation (10).
Roche 454 pyrosequencing provided 460,706 (H1 primers)

and 574,027 (G1 primers) heavy chain reads for donor C38.
After initial processing using our previously described bio-
informatics pipeline (7, 21) (SI Appendix, Table S3), 138,523
sequences in the H1 primer data set and 168,365 sequences in
the G1 primer data set were assigned to the IGHV1-2*02 allelic
origin, the heavy chain germ-line gene for VRC01 class antibodies

Fig. 1. Donor C38 serum analysis and identification of HIV-1–neutralizing antibodies based on sequence identity. (A) Reduction in neutralization ID50

resulting from RSC3 vs. ΔRSC3 competition against eight HIV-1 strains for a 2008 serum sample of donor C38. Sera from donors 45, 74, and 0219 are included
in this analysis for comparison. Red bars indicate the mean reduction. (B) Divergence/identity analysis of donor C38 heavy chain sequences generated from
454 pyrosequencing with H1 (Left) and G1 (Right) primers. Heavy chain sequences are plotted as a function of maximal sequence identity to the heavy chains
of 13 template VRC01 class antibodies (VRC01, VRC02, VRC03, NIH45-46, VRC-PG04, VRC-PG04b, VRC-CH30, VRC-CH31, VRC-CH32, 3BNC60, 3BNC117, 12A12,
and 12A21) and of sequence divergence from inferred germ-line alleles.

Zhu et al. PNAS | Published online October 8, 2013 | E4089

IM
M
U
N
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306262110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306262110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306262110/-/DCSupplemental/sapp.pdf


(7, 19). These sequences were then compared with a set of known
template VRC01 class antibodies isolated from other donors,
which included eight from our previous studies (7, 19) (VRC01-03,
VRC-PG04/04b, and VRC-CH30-32) and five identified by Nus-
senzweig and coworkers (10) (12A12, 12A21, 3BNC60, 3BNC117,
and NIH45-46) (SI Appendix, Fig. S1). Because all antibody var-
iable domains, heavy and light chains alike, share a similar scaffold
with conserved sequence motifs in the framework regions that are
responsible for the heavy/light chain complexation, the sequence
identity of irrelevant antibody chains is usually higher than that of
functionally distinct protein domains. Therefore, an identity cutoff
of 80%, instead of 30–40% as is generally used for unrelated
proteins, was used here to detect sequence homology between
antibody chains. No sequence from either the H1 or G1 primer
data set was found to be >80% identical to any of the heavy chains
from template antibodies from other donors (Fig. 1B). These
results suggested that VRC01 class antibodies, if they did exist
in the 454 pyrosequencing–derived repertoire of donor C38,
could not be simply recognized by sequence homology to
a known antibody.

Sequence Prevalence-Based Identification of VRC01 Class Heavy
Chains. Given the low homology of donor sequences to the
known VRC01 class antibodies, we sought to use a prevalence-
based method to interrogate the donor C38 repertoire. One
implementation of antibody prevalence analysis, the lineage rank
method (6), is based on the supposition that the desired anti-
bodies form highly prevalent lineages in the total antibody rep-
ertoire (Fig. 2A). Because the heavy chains of all known VRC01
class antibodies can complement the VRC01 light chain to form
neutralizing antibodies, we tested the lineage rank approach
on heavy chain sequences. The heavy chain complementary-
determining region 3 (CDR H3), which encompasses the site of
V(D)J recombination—V-D junction, D segment, D-J junction,
and part of J gene preceding the conserved WGXG motif, pro-
vides a sequence signature for antibody lineage definition. This
definition of an antibody clonal lineage may be more robust than
analyses based on the inferred germ-line use and junctional
sequences, due to the relatively low accuracy of D gene assign-
ment, as well as other complicating factors such as repertoire di-
versity and sequencing errors. Both CDR H3 similarity and VH
gene characteristics were considered in our lineage definition.

Fig. 2. Identification of functional VRC01 class antibody heavy chains by frequency-based method, lineage rank. (A) Flowchart of lineage rank method.
Starting from the heavy and light chain antibodyomes, after a primary analysis to calculate parameters such as germ-line divergence, a CDR H3 or L3-specific
lineage analysis is carried out to identify all heavy and light chain lineages, which are then ranked by their prevalence (the number of sequences in a lineage),
and representative heavy and light chains from the top-ranking lineages are paired for experimental assessment, e.g., neutralization. Because the VRC01 light
chain can complement all VRC01 class antibody heavy chains, here lineage rank is only tested with the C38 heavy chains. (B) Sequence distribution of IGHV1
germ-line genes for G1 primer–derived data set. Blue bars (and percentage values above each bar) indicate the sequences with 20% or greater divergence
from inferred germ line, which are considered heavy chains of mature antibodies and subjected to the lineage rank analysis. (C) Prevalent CDR H3 lineages
identified within the five major IGHV1 germ-line gene families: IGHV1-18, IGHV1-2, IGHV1-46, IGHV1-69, and IGHV1-8. None of the 35 heavy chain sequences
selected from these 22 lineages shows HIV-1 neutralization when paired with VRC01 light chain.
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Within a germ-line VH gene family, sequences having a di-
vergence of 20% or greater were first clustered into groups such
that sequences within each group have no more than five nu-
cleotide differences in the CDR H3 region. These heavy chain
sequence groups are henceforth referred to as CDR H3 groups;
lineages were then constructed by merging similar CDR H3
groups based on three criteria: (i) their CDR H3 sequences were
of the same length; (ii) they shared >80% amino acid sequence
identity; and (iii) divergence in V gene did not increase signifi-
cantly on group merging (to prevent merging two different heavy
chain lineages with coincidentally similar CDR H3s). Prevalent
lineages (those with >1,000 sequences in the current case) could
then be subjected to experimental validation. Lineage rank was
tested on both H1 and G1 primer-derived data acquired from
donor C38 and H1 primer-derived data from donor 74, which was
acquired in our previous study (7) and served here as a bench-
mark. The intermediate output of lineage rank analyses, such as
CDR H3 groups and lineages constructed from these groups, is
detailed for donor 74 and donor C38 in the SI Appendix, Figs. S2
and S3 and Tables S4–S9.
Analysis of IGHV1-2 family heavy chain sequences derived

from donor 74, from whom we previously isolated mAb VRC-
PG04, revealed four CDR H3 groups (SI Appendix, Table S4).
The two most prevalent of these (SI Appendix, Table S5) were
found to correspond to the broadly neutralizing VRC-PG04–like
antibodies designated classes 7 and 8 in our earlier paper (7)
(SI Appendix, Fig. S2). Analysis of the donor C38 IGHV1-2
sequences derived from H1 primer amplification revealed
a lower than expected population (<6%) of VH sequences that
were more than 20% diverged from their germ-line ancestor,
suggesting that H1 primers were suboptimal for amplification of
matured antibodies in this donor (SI Appendix, Fig. S3 and
Tables S6 and S7), and thus the lineage rank analysis focused on
the mature sequences from VH1 gene families that were am-
plified using the G1 primers (Fig. 2B). For each identified line-
age, the predicted sequence at the center of the largest sequence
cluster was selected as a representative heavy chain, which was
synthesized and cloned into an expression vector; the full anti-
body was reconstituted with the VRC01 light chain and tested
for neutralization. As stated above, we chose the VRC01 light
chain because prior data demonstrated that it complemented
other VRC01 class heavy chain sequences (7). If total V gene
variation within the lineage was 7% or greater, a second repre-
sentative sequence was also tested. A total of 35 heavy chain
sequences were selected from 22 lineages (Fig. 2C; SI Appendix,
Tables S8 and S9), comprising >15% of the whole data set and
73% of the heavy chain population with a divergence of >20%.
Thirty-three of these VH region sequences, when reconstituted
as full heavy chains and paired with a VRC01 light chain, could
be expressed as soluble IgGs (SI Appendix, Table S10), but none
of these showed neutralization against HIV-1. Thus, analysis of
the most prevalent lineages in donor C38 antibodyome did not
identify VRC01 class neutralizing antibody sequences, suggesting
that either this donor does not contain VRC01 class antibodies
or the prevalence assumption of the lineage rank method did not
apply for this donor.

Phylogeny-Based Identification of VRC01 Class Antibody Heavy
Chains. We next tested an evolution-based method for identifi-
cation of VRC01 class antibody heavy chains termed “cross-
donor phylogenetic analysis.” We previously demonstrated that
VRC01 class antibody heavy chains from different donors evolve
in a similar way to achieve precise recognition of the CD4-
binding site and developed a sieving method—cross-donor phy-
logenetic analysis—based on phylogenetic similarity to capture
heavy chain sequences with similar maturation pattern (7). In this
analysis, a phylogenetic tree was rooted by the IGHV1-2*02 germ
line, and donor VRC01 class heavy chain sequences segregated

with exogenously added, known VRC01 class antibody heavy
chains from other donors. Our prior analysis of donor 74 iden-
tified 5,047 heavy chain sequences in the VRC01-like subtree.
(Note that VRC01-like refers to sequences that possess the key
characteristics of VRC01 class enumerated above but have not
been experimentally confirmed to have the same function.)
Twenty-four of these were members of a set of sequences chosen
by other means (identity/divergence analysis) that were recon-
stituted and shown in our prior paper to neutralize HIV-1 (7).
Neutralization by these sequences suggests that the phylogeny-
based method can be used to directly identify VRC01 class an-
tibody heavy chains from a donor antibodyome. However, it is
worth noting that the cross-donor analysis of donor 74 was per-
formed with prior knowledge of VRC01 class antibodies isolated
from the same donor, as opposed to the donor C38, for whom
such information is not available.
To test this possibility, we performed cross-donor phylogenetic

analysis on the donor C38 heavy chain sequences derived from
H1 primer amplification (131,108 total sequences) and identified
11 sequences in the VRC01-like subtree. Two of these were
expressed with the VRC01 light chain, and one of them (gVRC-
H1dC38) showed broad neutralization of HIV-1 (Fig. 3A). Using
the G1 primers (163,108 sequences), 93 nonredundant heavy
chain sequences were identified as segregating in the VRC01-
like subtree, including the sequence designated gVRC-H1dC38.
Among these, 10 representative sequences were manually se-
lected from different branches of the VRC01-like subtree for
expression with the VRC01 light chain. Nine of the reconstituted
antibodies displayed HIV-1 neutralization, yielding a 90% suc-
cess rate in identification (Fig. 3B). In total, 10 functional
VRC01 class antibody heavy chains were identified from donor
C38 (Fig. 4A; SI Appendix, Table S11). Identity/divergence
analysis (Fig. 4B) showed that none of these 10 heavy chains was
>75% identical to any of the 13 template VRC01 class antibody
heavy chains. Furthermore, a significant number of unrelated
sequences with higher sequence homology to the template
sequences were found in both H1 and G1 primer-derived anti-
bodyomes. A detailed gene family and junction analysis of 10
heavy chains (SI Appendix, Figs. S4 and S5) revealed four dif-
ferent CDR H3 groups, suggesting that they might belong to
different lineages or alternatively that they evolved from the
same ancestor but diverged significantly after a long matura-
tion process. The antibody gVRC-H1dC38/VRC01L was tested
on a panel of 153 HIV-1 strains and neutralized >80% of
these at concentrations of <50 μg/mL (SI Appendix, Fig. S6
and Table S12).

Identification of VRC01 Class Antibody Light Chains from Donor C38.
An antibody consists of two paired heavy and light chains.
Identification of light chain partners for the 10 neutralizing heavy
chains allows for the reconstitution of functional VRC01 class
antibodies from donor C38. Because the germ-line origin of C38
light chains was unclear, we designed primers to amplify both λ
and κ germ-line V genes (SI Appendix, Table S2). With the first
454 pyrosequencing experiment, 211,830 full-length light chain
sequences, 54,079 λ chains and 157,751 κ chains, were obtained
from 257,910 raw reads (SI Appendix, Table S3). Recently, West
et al. (12) analyzed structural and sequence data for known
VRC01 class antibodies and found that these antibodies possess
a CDR L3 loop of five amino acids and a glutamine (Q) or
glutamate (E) at position 96 (Kabat numbering). Separately, we
investigated the B-cell ontogeny of VRC01 class antibodies from
multiple donors with next-generation sequencing and arrived at
a similar conclusion to the definition of CDR L1 signature.
Based on these studies, we adopted a sequence-specific motif—
a CDR L3 length of five amino acids and Q or E at position 96—
as a simple signature, along with a requirement of maturation
from the germ line greater than 10%, to identify VRC01-like
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Fig. 3. Identification of VRC01 class antibody heavy chains from donor C38 antibodyome by cross-donor phylogenetic analysis. Cross-donor phylogenetic
trees of C38 heavy chain sequences generated by H1 (A) and G1 (B) primer sets. For both data sets, maximum-likelihood trees of variable domain sequences of
the IGHV1-2*02 origin from donor C38, along with 13 known VRC01 class antibody heavy chain sequences from five other donors, are rooted by the germ-line
gene sequence. VRC01-like donor sequences segregate with these known VRC01 class antibodies. Bars representing 0.1 changes per nucleotide site are shown.
Two and 10 heavy chain sequences were selected from H1 and G1 primer data sets, respectively, for functional assessment and identity/divergence analysis.
The neutralization profiles of selected heavy chain sequences reconstituted with the VRC01 light chain [named gVRC-H(n)dC38] are depicted with 20 isolate
neutralization dendrograms. Explicit neutralization IC50s are provided in SI Appendix, Table S10. In the rightmost panels, the repertoire of heavy chain
sequences is plotted as a function of sequence identity to a selected heavy chain sequence and of sequence divergence from inferred germ-line alleles. The
number of sequences >75% (or 80%) identical to the selected sequence, which are likely the somatic variants of the reference heavy chain sequence, is
provided for each plot. Notably, the identified heavy chains from donor C38 do not display significant sequence similarity to previously identified VRC01 class
antibodies. Color coding indicates the number of sequences.
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antibody light chains from the antibodyome. Four κ chains, but
no λ chains, were found to meet the criteria. Given this result, we
performed a second 454 pyrosequencing experiment to amplify
only κ chains and obtained greater sequencing depth (SI Appendix,
Table S3). Nine more κ chains with this sequence motif were
identified from the total of 448,125 raw reads.
Sequence alignment of 13 light chain sequences (Fig. 5A)

showed prevalent use of the IGKV3-20 germ-line gene, the same
light chain variable gene used in VRC01, VRC03, and VRC-
PG04. These 13 sequences, along with the two antibodyomes
where they were identified, were compared with the same set of
template VRC01 class antibodies used in the heavy chain analysis
(Fig. 1B). None of the 13 light chains was found to be >80%
identical to any of the template light chains from other donors
(Fig. 5B), suggesting a lack of sequence homology in their variable
genes. Furthermore, a large portion of the κ chain sequences in two
antibodyomes, notably closer to germ-line genes on the identity/
divergence plots (Fig. 5B), were found to be 80–90% identical to

the template light chains. These results suggested that random
sequences of low divergence, instead of the 13 light chains that
resemble the CDR L1 signature of VRC01 class antibodies, would
be selected by a pure homology-based method of identification.
Collectively, we show with both heavy chains (Figs. 1B and 4B) and
light chains (Fig. 5B) that sequence homology to known VRC01
class antibodies from other donors cannot identify such antibodies
from donor C38.

De Novo Identification of Functional VRC01 Class Antibodies from
Donor C38. Pairing 10 neutralizing heavy chains with 13 candi-
date light chains may reveal their optimal combinations but
would require significant experimental effort. Here we adopted
a two-step approach to this problem. In the first step, we used
a VRC01 heavy chain to screen 13 light chains. Six of 13 light
chains were able to be reconstituted as full antibodies with
a VRC01 heavy chain, but only one light chain, named gVRC-
L1dC38, showed weak neutralization of two HIV-1 isolates on

Fig. 4. Sequence comparison of C38 heavy chains identified by cross-donor phylogenetic analysis. (A) Sequence alignment of 12 expressed C38 heavy chains
from amplifications using H1 and G1 primers, inferred germ-line gene (IGHV1-2*02), and the heavy chains of 13 template VRC01 class antibodies (VRC01,
VRC02, VRC03, VRC-PG04, VRC-PG04b, VRC-CH30, VRC-CH31, VRC-CH32, 3BNC60, 3BNC117, 12A12, 12A21, and NIH45-46). Amino acids in V genes that differ
from IGHV1-2*02 are highlighted in red. The CDR H3 regions are circled in blue dash line. The nomenclature gVRC-HndC38 is used for neutralizing heavy
chains, and the indexes of two nonneutralizing heavy chains, 304943 and 240171, are shown in italic. Contact residues between VRC01 V-gene segment and
gp120 are labeled above the germ-line gene: ●, backbone and side chain contacts; ○, backbone contacts only; *, side chains contacts only. (B) Identity/di-
vergence analysis of 10 neutralizing C38 heavy chains. Heavy chain sequences obtained from H1 (Left) and G1 (Right) primers are plotted as a function of
maximal sequence identity to the heavy chains of 13 template VRC01 class antibodies and of sequence divergence from putative germ-line genes. The 10
neutralizing heavy chains are shown as black dots on the plots.
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a seven-virus panel (Fig. 6A). In the second step, we used the
most potent C38 heavy chain obtained from cross-donor analysis,
gVRC-H3dC38, and the only effective C38 light chain from pre-
vious screening, gVRC-L1dC38, to search for their respective
partner chains. With heavy chain gVRC-H3dC38, 8 of 13 light
chains were expressed as full antibodies (Fig. 6B, Upper) com-
pared with 6 with a VRC01 heavy chain (Fig. 6A). When tested
on seven HIV-1 isolates, six of eight reconstituted antibodies
showed neutralization with various breadth and potency (Fig. 6B,
Upper), as opposed to a single neutralizer when paired with
a VRC01 heavy chain (Fig. 6A). Interestingly, gVRC-L1dC38
remained the most effective of C38 light chains tested, suggesting
that the initial screening with the VRC01 heavy chain was un-
biased. With the light chain gVRC-L1dC38, we observed broader
neutralization from most C38 heavy chains tested, with the iso-
late ZM109.4 neutralized by three antibodies, and identified
gVRC-H3dC38/gVRC-L1dC38 as the optimal pair of C38 heavy
and light chains (Fig. 6B, Lower).
The marked difference of breadth and potency seen in the

two screening experiments of C38 light chains (Fig. 6 A and B,
Upper) suggested that some unfavorable interactions between
C38 light chains and the VRC01 heavy chain might underlie
deteriorated function when paired. The comparison of 13 light
chain sequences (Fig. 5A) offered some clues to the non-
expression of five tested light chains, four of which possess

a nonphenylalanine (F) residue at position 97—the last residue
of the CDR L3 loop—and the fifth sequence, with an index of
393230, is 97% identical to gVRC-L1dC38 but with a glutamate
(E) mutated to arginine (R) in the CDR L2 loop. The best C38
heavy/light chain pair, gVRC-H7dC38/gVRC-L1dC38, showed an
∼10-fold decrease in potency compared with gVRC-HddC38/
VRC01L (Fig. 6B, Lower), suggesting that the C38 light chain
might be suboptimal for complementing VRC01 class antibody
heavy chains, even those from the same donor. A possible ex-
planation might involve the long CDR L1 loops. All 13 C38
light chains have one or zero deletions in the CDR L1 region
(Fig. 5A), whereas VRC01 or other light chains of this class
have two or more residues deleted or mutated to glycines in
this region.
With the functional pairing of 10 heavy chains and 6 light

chains from donor C38, we next sought to understand the evo-
lutionary relationship of these sequences. We calculated maxi-
mum-likelihood phylogenetic trees rooted by their respective
germ-line genes (Fig. 6C). Similar topology was observed for the
heavy chain and light chain dendrograms, with the optimal pair,
gVRC-H7dC38/gVRC-L1dC38, formed by sequences from two
corresponding branches, suggesting that this chimera might re-
semble a native pair.

Fig. 5. Identification of VRC01 class antibody light chains from donor C38 antibodyome. (A) Thirteen VRC01-like light chains identified from two sequencing
experiments are aligned to the putative germ-line gene allele IgKV3-20*01. All 13 light chains possess the same signature: CDR L3 loop of five amino acids and
a glutamine or glutamate acid at position 96 (Kabat numbering). Amino acids mutated from the germ-line sequence are colored in red. Light chain sequences
that show neutralization when reconstituted with VRC01 heavy chain and gVRC-H3dC38 (Fig. 6) are named gVRC-L(n)dC38. (B) Divergence/identity analysis of
donor C38 κ-light chain sequences generated from 454 pyrosequencing with both κ and λ primers (Left) and κ primers only (Right), with the 13 VRC01-like
light chains shown as black dots. Light chain sequences are plotted as a function of maximal sequence identity to the light chains of 13 template VRC01 class
antibodies (VRC01, VRC02, VRC03, NIH45-46, VRC-PG04, VRC-PG04b, VRC-CH30, VRC-CH31, VRC-CH32, 3BNC60, 3BNC117, 12A12, and 12A21) and of sequence
divergence from inferred germ-line alleles.
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A

B

C

Neutralization (IC
50

) of antibodies reconstituted by pairing C38 light chains with VRC01 heavy chain.

Antibody Q842.d12 DU156.12 ZM109.4 UG037.8 Q23.17 JR-FL Yu2 MuLV

VRC01 H/28472 >50 >50 >50 >50 >50 >50 >50 >50
VRC01 H/61773 >50 >50 >50 >50 >50 >50 >50 >50
VRC01 H/gVRC-L1

dC38
>50 >50 >50 19.3 >50 >50 12.1 >50

VRC01 H/gVRC-L2
dC38

>50 >50 >50 >50 >50 >50 >50 >50
VRC01 H/gVRC-L4

dC38
>50 >50 >50 >50 >50 >50 >50 >50

VRC01 H/gVRC-L6
dC38

>50 >50 >50 >50 >50 >50 >50 >50
VRC01 H/VRC01 L 0.019 0.088 0.127 0.109 0.068 0.014 0.136 >50

Screening of light-chain partners for gVRC-H3
dC38

and of heavy-chain partners for gVRC-L1
dC38

by neutralization (IC
50

).

Antibody Q842.d12 DU156.12 ZM109.4 UG037.8 Q23.17 JR-FL YU2 MuLV

gVRC-H3
dC38

/28472     >50 >50 >50 >50 >50 50.0 >50 >50
gVRC-H3

dC38
/61773    >50 >50 >50 >50 >50 >50 >50 >50

gVRC-H3
dC38

/gVRC-L1
dC38

0.775 0.907 >50 0.449 >50 0.101 0.583 >50
gVRC-H3

dC38
/gVRC-L2

dC38
>50 >50 >50 >50 >50 9.33 >50 >50

gVRC-H3
dC38

/gVRC-L3
dC38

0.641 1.06 >50 2.63 >50 0.032 0.213 >50
gVRC-H3

dC38
/gVRC-L4

dC38
>50 >50 >50 22.9 >50 4.99 11.7 >50

gVRC-H3
dC38

/gVRC-L5
dC38

10.7 >50 >50 >50 >50 0.026 0.136 >50
gVRC-H3

dC38
/gVRC-L6

dC38
>50 >50 >50 >50 >50 0.062 0.72 >50

gVRC-H2
dC38

/gVRC-L1
dC38

>50 >50 >50 >50 >50 >50 >50 >50
gVRC-H4

dC38
/gVRC-L1

dC38
>50 >50 >50 >50 >50 1.95 7.6 >50

gVRC-H5
dC38

/gVRC-L1
dC38

5.31 11.4 >50 3.54 36.2 0.669 2.21 >50
gVRC-H6

dC38
/gVRC-L1

dC38
14.5 >50 >50 0.697 12 0.267 0.454 >50

gVRC-H7
dC38

/gVRC-L1
dC38

0.278 0.473 0.232 0.152 0.541 0.026 0.326 >50
gVRC-H8

dC38
/gVRC-L1

dC38
>50 >50 >50 5.43 >50 5.4 21.9 >50

gVRC-H9
dC38

/gVRC-L1
dC38

0.051 3.51 4.48 0.385 0.235 0.018 0.095 >50
gVRC-H10

dC38
/gVRC-L1

dC38
0.073 2.72 7.37 0.557 0.197 0.017 0.117 >50

VRC01 H/VRC01 L 0.019 0.088 0.127 0.109 0.068 0.014 0.136 >50

gVRC-H8dC38
gVRC-H9dC38
gVRC-H10dC38

gVRC-H1dC38
gVRC-H6dC38
gVRC-H7dC38

gVRC-H2dC38
gVRC-H5dC38
gVRC-H3dC38
gVRC-H4dC38

0.1

gVRC-L2dC38
gVRC-L4dC38

gVRC-L6dC38
gVRC-L1dC38

gVRC-L5dC38
gVRC-L3dC38

0.1

Fig. 6. Identification of unique VRC01 class antibodies by pairing heavy and light chains. (A) Neutralization of six reconstituted antibodies by pairing VRC01
heavy chain with C38 light chains. (B) Neutralization screening of functional partner chains for C38 heavy chain, gVRC-H3dC38, and C38 light chain, gVRC-
L1dC38. IC50 values listed in B and C represent antibody concentration in μg/mL required to achieve 50% neutralization (IC50), and color coding indicates the
potency, with IC50 < 1 μg/mL in red shading, 1 μg/mL < IC50 <50 μg/mL in green shading, and no shading for IC50 >50 μg/mL. (C) Maximum-likelihood trees of
functional C38 heavy chains and light chains rooted in their respective germ-line genes, with the most potent heavy/light chain pair highlighted in red
shading. Bars representing 0.1 changes per nucleotide site are shown.
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Discussion
Biological sequencing has progressed from analyzing single
genes (22–24) to genomes (25–27) and, more recently, to the
analysis of multiple genomes (28). Similarly, analysis of anti-
bodies has progressed from single antibody chains to whole
expressed repertoires and is now poised to analyze antibodyomes
from multiple individuals. Previous studies of antibodyomes
from HIV-1–infected individuals mainly focused on the funda-
mental questions related to antibody maturation (7, 11, 29–31)
and somatic variation (21), whereas here we extend the scope of
questions that can be addressed to a more practical domain:
antibody identification. The high-throughput sieving method
described here, cross-donor phylogenetic analysis for heavy chain
and motif matching for light chain, can identify VRC01 class
antibodies from a donor sample even if their frequencies are low,
e.g., <0.0004% for donor C38, where ∼80% of the neutralizing
activity is not depleted by RSC3. Identification of such anti-
bodies would not be possible with homology-based sequence
analysis, as the sequence identity to known the VRC01 class
antibody is below the threshold of recognition for both heavy and
light chains (SI Appendix, Table S13). Given the potential of
VRC01 class antibodies as a vaccine template, our de novo ap-
proach should have significant implications for HIV-1 vaccine
research related to this important antibody class. The ability to
identify, and as a result, study the development of VRC01 class
antibodies from donor samples—and potentially from vaccines—
should help illuminate the appropriateness and feasibility of
class-based elicitation strategies, such as germ-line activation, for
obtaining an HIV-1 vaccine (32, 33).
It may be possible to apply the methods described here to de

novo identification of antibodies of other types, although each
case of antibody identification will depend on the bioinformatic
or evolutionary signatures particular to the antibody of interest.
The success of such de novo identification may depend on the
similarity of the target antibodies to a template antibody, and in
this regard, it is advantageous to study antibodies of a class,
meaning they are derived from similar B-cell ontogenies and
recognize similar epitope, despite being elicited in different
individuals. With HIV-1, two types of antibodies form classes:
the VH1-2–derived VRC01 class and the VH1-69–derived CD4-
induced antibodies (31, 34); a third potential class may be
formed by VH3-derived antibodies that target the first and sec-
ond variable regions on HIV-1 gp120 (9, 35–37). Such class-
derived antibodies are found against other pathogens, such as
with influenza, where highly similar hemagglutinin stem-directed
antibodies all derive from the VH1-69 germ-line gene and use
the same mode of recognition (38, 39).
It is worth noting that a related phylogenetic method has been

reported for repertoire analysis, intradonor phylogenetic analy-
sis, which has been applied to the broadly HIV-1–neutralizing
lineages that include antibodies PGT135-137, 10E8, and PGT141-
145 (21, 40). Both the cross-donor and intradonor phylogenetic
methods are capable of finding new antibodies, but the differences
are (i) cross-donor analysis identifies evolutionarily similar se-
quences from a heterologous donor, whereas intradonor analysis
identifies somatic variants of the template(s) from the same donor;
and (ii) cross-donor analysis proved effective for the VRC01 class
heavy chains, whereas intradonor analysis can be applied to any
type of antibodies, heavy and light chains alike. The innovative use
of phylogenetic analysis will likely have other applications in the
analysis of antibody repertoire and maturation.
The technical advances presented here build on a detailed

understanding of individual antibody sequences enabled by
previously developed computational tools (41–44), which in our
analysis are integrated to derive population-based metrics for

antibodyomes. This type of analysis, antibodyomics, should have
widespread utility for understanding the humoral immune re-
sponse in natural infection (7, 29, 31) or by vaccination (6), as
well as for de novo identification of functional antibodies from
neutralizing sera. Meanwhile, the development of new antibody
sequencing technologies, as exemplified by the recent advance in
the paired sequencing of antibody heavy and light chains (45), will
continue to improve the quality of data available and facilitate the
antibodyomics analysis. Such new technologies should provide
increasingly powerful tools to answer questions of antibody de-
velopment and vaccine elicitation (46–48).

Materials and Methods
Experimental and computational methods used in this study are briefly
summarized here, with details presented in SI Appendix, SI Materials
and Methods.

Human Specimens. The sera and PBMCs were obtained from HIV-1–infected
donors (SI Appendix, Table S1) enrolled in investigational review board–
approved clinical protocols at the National Institute of Allergy and Infectious
Diseases, including the VRC200 protocol. At the time of sampling, all HIV-1–
infected donors were off antiretroviral treatment.

Antibody Expression, Purification, and Neutralization. Similar procedures and
measurements were used as described in a previous study (7, 21).

454 Sample Preparation and 454 Pyrosequencing. The procedure was similar to
ref. 7 but included new primers aimed to capture highly matured heavy
chain sequences. For IGHV1 amplification, the H1 primers used in previous
study extended from the end of the V-gene leader sequence into the start of
the V region, whereas the G1 primers (10) used in the current study were
more upstream and overlapped only with the V-gene leader sequence.

Computational Analysis of 454 Pyrosequencing Data. The tools used for analysis
were implemented as a suite of PERL scripts, named Antibodyomics1.0. The
analysis consisted of two steps. In the first step, sequences encompassing an-
tibody heavy chain variable domains generated by 454 pyrosequencing were
processed using a bioinformatics pipeline (7, 21) to derive biologically defined
properties (such as germ-line divergence and sequence identity), as well as to
improve sequence quality by correcting the most common sequencing errors.
In pipeline processing, sequences were reformatted, assigned to germ-line
gene families, error-corrected using a template-based algorithm, compared
with a set of user-specified antibodies, and subjected to the determination
and comparison of CDR H3 regions. Full-length heavy chain variable domain
sequences with detailed annotation were outputted for subsequent analyses.
In the second step, various systems-level analyses were carried out to mine the
antibody population, including detailed analyses of antibody properties (e.g.,
CDR H3 lineages and their distribution), lineage rank, and cross-donor
phylogenetic analysis.

Data Deposition and Software Distribution. The 10 functional heavy chain
sequences (gVRC-H1-10dC38) and 6 functional light chain sequences (gVRC-
L1-6dC38) identified from donor C38 antibodyomes have been deposited in
GenBank under accession numbers KF306044–KF306069. The 454 pyrose-
quencing data sets have been deposited in the NCBI Short Reads Archives
under accession number SRP026397. The software suite described here,
Antibodyomics1.0, can be obtained by request from J.Z., P.D.K., or L.S.
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