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Antigens and Assign Source of Specificity to CDR3 Loop
Variation
Steve Bryson,*,† Christy A. Thomson,‡,1 Louise F. Risnes,†,2 Somnath Dasgupta,x,3
Kenneth Smith,{ John W. Schrader,‡ and Emil F. Pai*,†,‖,#

A

ntibodies are composed of two identical H chains and
two identical L chains, each encoded by a somatically assembled gene. The epitope-combining site is formed by six
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variable peptide loops, the CDRs, three from the H chain and three
from the L chain. In newly arising human B lymphocytes, the H chain
gene is formed by combinatorial recombination of 55 IGHV genes
with one of 27 IGHD genes and 6 IGHJ genes, and the L chain gene
is formed by assembling one of either 40 IGKV or 30 IGLV genes,
with one of either 5 IGKJ or 4 IGLJ genes. The V genes encode
CDR1 and CDR2 of their respective H chains or L chains, and the
recombined D and J elements with their stochastically generated
features encode the CDR3s. Additional diversity in the CDR3s is
contributed by variation in the precise sites of junctions and the action
of DNA repair enzymes that subtract or add nucleotides to the joints
between the recombined genes (1–4). The resultant diversity of the
CDR3s contributes the diversity of the epitope-combining sites of Igs
and further increases their repertoire of binding specificity.
Multiple indications suggest intense evolutionary selection on
the human Ig IGHV, IGKV, or IGLV genes (5, 6). Strong evidence
supports that many human Abs against particular pathogen epitopes
use preferred IGHV, IGKV, or IGLV genes (7–12). With the ability
to generate a multitude of possible different Ig molecules (106–108),
is there any selective advantage in the maintenance and preferential
use of certain V genes, and why is a restricted oligoclonal response
observed to particular pathogens? It has been speculated that evolutionary pressure from important pathogens could retain certain
IgV genes and that IgV genes encode in the germline amino acid
residues that contact epitopes on a pathogen (13, 14, 15). However,
two necessary conditions apply. First, the Abs encoded by these IgV
genes must provide protection against the pathogen, and second, the
germline-encoded contacts should facilitate the production of protective Abs.
Streptococcus pneumoniae is a common bacterial pathogen and
causes serious disease and death worldwide from conditions such
as pneumonia, meningitis, and bacteremia (16). The pneumococcal
capsular polysaccharides (PPS) distinguish the different S. pneumoniae
serotypes, with Abs to PPS aiding in the opsonization of the bacteria
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The human Ab response to certain pathogens is oligoclonal, with preferred IgV genes being used more frequently than others. A pair
of such preferred genes, IGVK3-11 and IGVH3-30, contributes to the generation of protective Abs directed against the 23F
serotype of the pneumonococcal capsular polysaccharide of Streptococcus pneumoniae and against the AD-2S1 peptide of the
gB membrane protein of human CMV. Structural analyses of Fab fragments of mAbs 023.102 and pn132p2C05 in complex with
portions of the 23F polysaccharide revealed five germline-encoded residues in contact with the key component, L-rhamnose. In the
case of the AD-2S1 peptide, the KE5 Fab fragment complex identified nine germline-encoded contact residues. Two of these
germline-encoded residues, Arg91L and Trp94L, contact both the L-rhamnose and the AD-2S1 peptide. Comparison of the
respective paratopes that bind to carbohydrate and protein reveals that stochastic diversity in both CDR3 loops alone almost
exclusively accounts for their divergent specificity. Combined evolutionary pressure by human CMV and the 23F serotype of
S. pneumoniae acted on the IGVK3-11 and IGVH3-30 genes as demonstrated by the multiple germline-encoded amino acids that
contact both L-rhamnose and AD-2S1 peptide. The Journal of Immunology, 2016, 196: 4723–4730.
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Materials and Methods
Sample preparation
Recombinant human Fab 023.102 was expressed in Escherichia coli XL1Blue cells (Agilent Technologies, Santa Clara, CA) using plasmid pARC
(D. Reason, Children’s Hospital Oakland Research Institute, Oakland,
CA). The cells were grown in Super Broth media (32 g/l tryptone, 16 g/l
yeast extract, and 5 g/l NaCl) with 0.1 mg/ml ampicillin at 37˚C until early
log phase (OD600 = 0.4–0.5). Isopropyl-b-D-thiogalactoside was added to
1 mM, the temperature was reduced to 26˚C, and the culture was left to
incubate overnight (20 h). The cells were collected by centrifugation and
lysed by sonication. The Fab 023.102 protein was purified from the soluble
cell extract using Profinity IMAC Ni-charged resin (Bio-Rad) followed by
Superdex 200 size-exclusion chromatography (GE Healthcare). Prior to the
Superdex 200 column run, the sample was reduced and alkylated by incubating it with 10 mM DTT, followed by 50 mM iodoacetamide, preventing

inter-Fab disulfide formation. The final sample, representing a yield of
0.5–1 mg/l culture, was dialyzed against 20 mM Tris/HCl (pH 8.0) and
concentrated to 8 mg/ml.
Recombinant human Fab pn132p2C05 was expressed in E. coli Shuffle
cells (New England Biolabs) using plasmid pET-Duet (Novagen). The
cells were grown in Super Broth media (32 g/l tryptone, 16 g/l yeast
extract, and 5 g/l NaCl) with 0.1 mg/ml ampicillin at 37˚C until early log
phase (OD600 = 0.3–0.4). Isopropyl-b-D-thiogalactoside was added to
0.1 mM, the temperature was reduced to 18˚C, and the culture was left to
incubate for 2 d (44 h). The cells were collected by centrifugation and
lysed by sonication. The Fab pn132p2C05 protein was purified from the
soluble cell extract using KappaSelect affinity media (GE Life Sciences)
followed by Mono S ion-exchange chromatography (GE Life Sciences).
The final sample, representing a yield of 1–2 mg/l culture, was dialyzed
against 20 mM Tris/HCl (pH 8.0) and concentrated to 10 mg/ml.
The Fab fragment of KE5 IgG (15) was prepared by incubation of
the intact mAb with 0.05 mg/ml papain in 0.1 M sodium phosphate buffer
(pH 6.0), 2 mM EDTA, and 10 mM DTT for 4 h at 37˚C and purified by
ion chromatography on DE52 cellulose (Whatman) at pH 8.0, followed
by a Mono S column (GE Life Sciences) at pH 5.6. After elution with a KCl
gradient, Fab KE5 (10 mg/ml) was stored in 20 mM TRIS buffer (pH 8.0).
RG and RGP were synthesized as published (18). For stability, the C19
hydroxyl of D-galactose was methylated. L-Rhamnose was obtained from
Sigma-Aldrich (Mississauga, ON, Canada).

Crystallization/diffraction studies
All crystals were grown using the hanging-drop vapor diffusion method
and a protein concentration of ∼10 mg/ml. The well solution for Fab
023.102 contained 18% PEG 3350, 0.2 M lithium acetate, and 50 mM
sodium citrate buffer (pH 3.0–4.0). Crystals of Fab 023.102 in its free
form and complexed with L-rhamnose or methyl-a-L-rhamnopyranosyl(1→2)-b-D-galactopyranoside were obtained by cocrystallization under
identical conditions (10 mM ligand) whereas the Fab 023.102/methyla-L-rhamnopyranosyl-(1→2)-3-(glycer-2-yl-phosphate)-b-D-galactopyranoside
crystals were obtained by soaking (1 mM ligand). The well solutions for
Fab pn132p2C05 and its complex with L-rhamnose (10 mM ligand) as well
as Fab KE5 and its AD-2S1 complex (1 mM ligand) contained 0.1 M
sodium acetate (pH 4.5), 20% PEG 1500, 30% Jeffamine ED-2001 (pH
7.0), and 0.2 M (NH4)Cl, respectively. All crystals were flash frozen in
boiling nitrogen.
All diffraction data were collected at 2180˚C: for Fab 023.102 on a
Rigaku MicroMax 007 rotating copper anode using Osmic VariMax optics
and a mar345 detector, data were processed with HKL2000 (25); for the
free form of Fab pn132p2C05 on a Rigaku MicroMax 007 rotating copper
anode using Osmic VariMax optics and a Rigaku R-Axis IV++ detector,
data were processed with Crystal Clear software (Molecular Structure); for
the Fab pn132p2C05/L-rhamnose complex on the Advanced Photon Source
beamline 23ID-D with l = 0.979 Å using a MarMosaic 300 detector, data
were processed with HKL2000 software (25); and for Fab KE5 at the
Canadian Light Source CMCF-ID (08ID-1) beamline with l = 1.03 Å
using a Rayonix MX300HE detector, data were processed using XDS (26).

Structure determination/refinement
All crystal structures were determined by molecular replacement using the
program package Phaser (27); those of Fab 023.102 and Fab KE5 with Protein
Data Bank entry 3EYF and Fab pn132p2C05 with Fab 023.102 as search
models, respectively. The resulting solutions were refined using CNS (28) and
Phenix (29), modeled in Coot (30), and are displayed using PyMol (31). The
residue numbers follow the Kabat scheme (32). Data collection, structural
refinement, and Ramachandran statistics are described in detail in Table I.

Results
Interactions between Fabs 023.102 and C05 and their common
23F carbohydrate Ag
We obtained diffraction data from crystals of the free Fab 023.102
(Fig. 1) and its complexes with the epitope building blocks
L-rhamnose, the disaccharide RG, and the core RGP (Fig. 2),
which incorporates the most important antigenic features of the
complete 23F Ag (16). We also collected data from Fab C05 crystals
with and without L-rhamnose. Data collection and refinement statistics are presented in Table I. In both the Fab 023.102/RGP and
Fab C05/L-rhamnose complexes, a molecule of L-rhamnose sits in a
superimposable position, in the same tight crevice formed by the
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and their clearance by complement-dependent phagocytosis (17).
Vaccination with PPS or protein-conjugated PPS containing up to 23
different serotypes is recommended for small children, the elderly,
and other susceptible populations. The IGHV3-30 and IGKV3-11 V
gene pair (Fig. 1) has been found to be overrepresented in protective
Abs targeting the 23F serotype of PPS (Fig. 2A). Although the
IGHV3-30 and IGKV3-11 V genes are commonly used in Abs [∼9
and 4%, respectively (19)], their pairing in mAbs targeting the 23F
PPS exceeds their normal distribution.
Human CMV (HCMV) is a prevalent virus that has coevolved with
humans (20). Generally, 50–90% of the population is chronically
infected with HCMV, with the initial infection causing mild symptoms (21). However, if a woman is infected with HCMV for the first
time while pregnant, it can be a major cause of damage to the fetus
(22). Similarly, for immunocompromised individuals or those individuals undergoing organ transplantation, HCMV is a threat. Thus,
HCMV has been a major vaccine target by the World Health Organization for the past 20 y. When infected with HCMV, humans can
mount a neutralizing Ab response against the gB envelope protein of
the virus. Within the gB protein lies a linear epitope, AD-2S1, that
neutralizing Abs target, disrupting the ability of the virus to fuse with
host cell membranes (15, 23). Interestingly, independently originating
human mAbs targeting AD-2S1 preferentially use the same pair of
IgV genes, IGHV3-30 and IGKV3-11 (15), as those found for the 23F
serotype of S. pneumoniae.
In this study, we describe the crystal structures of the Fab fragments of a hypermutated S. pneumoniae Ab, Fab 023.102, complexed
with the core of its epitope, L-rhamnose, the disaccharide methyla-L-rhamnopyranosyl-(1→2)-b-D-galactopyranoside (RG), and the
repeating unit of the PPS, methyl-a-L-rhamnopyranosyl-(1→2)3-(glycer-2-yl-phosphate)-b-D-galactopyranoside (RGP) (Fig. 2B).
We also present the structure of the L-rhamnose complex of the
Fab fragment of another anti-23F Ab, pn132p2C05 (C05). Using
methodology described by Smith et al. (17), this authentic human
Ab with naturally paired H and L chains was isolated after vaccination with Pneumovax 23 from a donor different from the one
providing 023.102. Finally, as a second representative of an antiHCMV Ab, we show the crystal structure of the AD-2S1 Ag
complex of the KE5 Fab, an Ab that also utilizes IGKV3-11 and
IGHV3-30 genes but IGHD and IGKJ genes different from those
used by a previously crystallized anti-HCMV Fab, 8F9 (24). In the
present study, we provide structural evidence that the same
germline IgV genes (IGHV3-30 and IGKV3-11) can assume different roles in protective Abs against two very different Ags on two
very different pathogens because of their distinct configurations
when recombined with diverse CDR3 loops. Thus, evolutionary
pressure by pathogens to retain certain IgV genes can collaborate
with two stochastic processes, the recombination of CDR3 loops
and somatic hypermutation, in the production of protective Abs.
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FIGURE 1. Sequences of the CDRs of antiHCMV and anti–S. pneumoniae Abs. (A) Sequences of the k L chains. (B) Sequences of the
g H chains. Residues listed in red letters result
from the addition of untemplated bases by the
enzyme TdT. *, residue Ser52A(H) in CDRH2.
Gene names and numbers are available at:
http://www.imgt.org.

electron density corresponding to the D-galactose portion was lower,
suggesting that this part of the Ag adopts a number of similar
conformations. Consequently, no stable contacts to the Fab can be
assigned. The glycerol phosphate group linked to the C39 position of the D-galactose moiety, however, occupies clear, unambiguous electron density. It is positioned next to Lys100(H) of the
CDRH3 loop. Crystal packing forces seem to prevent it from
approaching the lysine amino group more closely than the 3.5 Å
observed.
In addition to the RGP complex with Fab 023.102, we also analyzed Ag-free Fab 023.102 as well as its complexes with L-rhamnose
and the disaccharide RG. All of these structures show no obvious
changes in protein conformation or ligand–protein interaction. A
general understanding of 23F specificity has therefore been established. Our results also demonstrate a clear directionality of the 23F
polymer on the surface of Fabs 023.102 and C05.
Interactions between Fab KE5 and its AD-2S1 Ag
The KE5 paratope binds the AD-2S1 peptide (ETIYNTTLKY) in
an extended conformation (Fig. 3C, Supplemental Fig. 3). The
peptide backbone of the Ag encircles the CDRH3, forming a
network of hydrogen bonds with CDRH3 backbone atoms. Additionally, the AD-2S1 peptide’s side chains contact both L and H
chain CDRs of Fab KE5. Fig. 3C illustrates the many germlineencoded residues that make important contacts with the AD-2S1 Ag
peptide. These residues include Tyr32(L) from CDRL1, Tyr49(L)
and Asp50(L) from CDRL2, Arg91(L), Trp94(L), and Pro95(L)
from CDRL3, as well as Ser52(H) and Tyr52A(H) from CDRH2.

FIGURE 2. Structure of the polysaccaride of
S. pneumoniae serotype 23F. (A) Schematic structure
of the repeating unit of the pneumococcal polysaccharide of S. pneumoniae serotype 23F (16). (B) Schematic structure of the methylated core disaccharide RGP
(18). These figures were created using ChemSketch
(ACD Labs).
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hypervariable loops CDRL3, CDRH2, and CDRH3 (Fig. 3A, 3B;
Supplemental Figs. 1, 2). A network of hydrogen bonds to CDRL3
and CDRH3, together with van der Waals interactions with CDRH2,
defines the specificity of L-rhamnose recognition by Fabs 023.102
and C05. A primary contact between the paratopes and L-rhamnose
is formed by the germline-encoded CDRL3 residue Arg91(L), interacting with the L-rhamnose C29 and C39 hydroxyl groups (bond
distances, 3.0 and 2.8 Å, respectively). The L-rhamnose C6 methyl
group in both complexes forms van der Waals contacts with the
side chains of germline-encoded CDRH2 residue, Val50(H). In Fab
023.102, germline-encoded residue Ser52(H) is also part of this
pocket, but in Fab C05 this residue is somatically mutated to alanine. The axial C29 hydroxyl of L-rhamnose approaches the backbone carbonyls of germline-encoded Asn93(L) (2.6 Å) whereas the
ether oxygen O5 of L-rhamnose nudges up against the germlineencoded Trp94(L) and stochastically encoded Pro95A(L), key residues of CDRL3 that form an inter–side chain stacking arrangement.
In coordination with germline-encoded residue Arg91(L), CDRH3
junctional residue Glu95(H) forms strong hydrogen bonds between
the equatorial hydroxyls at C39 and C49 (2.6 and 2.8 Å, respectively). The pocket is completed by somatic mutations present in
both 23F-directed Abs, Thr56(H) in 023.102 and Val56(H) in C05.
Finally, the hydroxyl group connected to the anomeric carbon of
rhamnose is in the a-conformation and points away from the Fab
surface. Thus, in both Fabs, germline-encoded residues in CDRL3
and CDRH2 contact L-rhamnose, the major determinant of antigenicity, and shape the tight crevice in concert with Pro95A(L) and the
stochastically encoded CDRH3. In the Fab 023.102/RGP complex,
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Values in parentheses are for highest resolution shell.
a
Rsym = Shkl Si(|Ihkl,i 2 ,Ihkl.|)/Shkl Si Ihkl,i, where ,Ihkl. is the average of symmetry-related observations.
AD-2S1, ETIYNTTLKY; PDB ID, Protein Data Bank ID (http://www.rcsb.org); RAM, rhamnose; RMSD, root mean square deviation.
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Discussion

FIGURE 3. Structures of Abs 023.102, pn132p2C05, and KE5 with
bound ligands. (A) The methylated core disaccharide RGP bound to the
paratope of Ab 023.102. (B) L-Rhamnose bound to the paratope of Ab
pn132p2C05. (C) AD-2S1 peptide (ETIYNTTLKY) bound to the paratope
of Ab KE5. Carbon atoms of germline-encoded residues are colored blue.
Carbon atoms of non–germline-encoded residues are colored green (oxygen
atoms, red; nitrogen atoms, dark blue). For ligands, carbon atoms are colored
magenta (oxygen atoms, red; nitrogen atoms, dark blue, phosphate atom, orange)
Dashed lines indicate specific contacts. See Supplemental Figs. 1–3 for details.

Specificity for the AD-2S1 peptide is dictated primarily by these
germline-encoded residues. The Tyr side chain of peptide residue P4
sits in a hydrophobic pocket formed by germline-encoded CDRL2
residue Tyr49(L), the CDRH3 backbone, and junctional residue
Leu100G(H), whereas the backbone oxygen of P5-Asn contacts the
extended side chain of germline-encoded amino acid Arg91(L). A
chloride ion (not shown) is centered between the P5-Asn backbone
nitrogen and germline-encoded residues Asp50(L) and Arg91(L).

The crystal structures of the complexes of Fab 023.102/RGP and
C05/L-rhamnose reveal the basis for the high specificity of these
Abs for L-rhamnose, the key antigenic component of the PPS
of S. pneumoniae serotype 23F (33–35). Binding interactions are
mostly achieved through contacts with the germline-encoded
amino acids Arg91(L), Trp94(L), and Val50(H), and also Ser52(H)
Asn93(L) in Fab 023.102, with further stochastically generated
amino acids also contributing (33). Residues of CDRL3, CDRH2,
and CDRH3 encircle a deep crevice, tailoring interactions closely
to this specific carbohydrate molecule. Germline-encoded residue Arg91(L) in CDRL3 and stochastically encoded Glu95(H) in
CDRH3 are placed so that their side chains complement the axial
and equatorial L-rhamnose hydroxyls. The CDRH2 loop forms a
small pocket to accommodate the C6 methyl group of L-rhamnose
engaging the sugar in several van der Waals interactions, thereby
elegantly promoting its binding over that of L-mannose (33).
IGHV3-30 germline-encoded residues in CDRH2 are prominent in
forming the pocket for L-rhamnose, explaining this sugar’s much
weaker interactions with anti-23F Abs that use IGKV3-11 paired
with other IGHV genes (33). The paratope complementarity for
L-rhamnose in Fabs 023.102 and C05 is dictated almost entirely
by germline- and stochastically encoded residues already present
in their primary Ab ancestors. The only exception is germlineencoded residue Asn at position 56 of the CDRH2 loop (Fig. 1),
which is mutated to threonine in Fab 023.102 and to a comparably
shaped valine in Fab C05. Presumably, the methyl groups of these
shorter side chains are better suited to accommodate the L-rhamnose
C6 methyl group. The same change has been found in other anti23F Abs, isolated from different donors, which also use IGHV3-30
and IGKV3-11 (10). The D-galactose moiety of the 23F polysaccharide sits outside this pocket, with its exact position not well defined
in crystals of the complex. The axial 49-hydroxyl of D-galactose is
near the side chain of CDRL3’s germline-encoded Asn93(L) (3.2 Å),
an interaction that may well be strengthened upon binding of the fulllength Ag. The (3-O)-phosphate-2-glycerol portion of RGP, however,
does provide significant additional information. The electron density
for the phosphate group, another major binding determinant of the 23F
polymer, is unambiguous and positions the ion directly above CDRH3
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The methyl group of the P7-Thr side chain stacks against the
aromatic ring of the germline-encoded residue Tyr32(L) whereas its
hydroxyl group interacts with the ring nitrogen of germlineencoded Trp94(L) and the backbone oxygen of Thr100E(H) from
CDRH3. Trp94(L), together with germline-encoded Pro95(L),
creates a hydrophobic groove that holds the side chain of P8-Leu.
Finally, the P10-Tyr side chain inserts into a deep pocket formed
by the CDRH2 and CDRH3 loops. At the base of the pocket sits
CDRH3 residue Phe100D(H) engaging in an edge-on aromatic–
aromatic interaction with the P10-Tyr ring. One wall of the pocket
is comprised of backbone atoms of the CDRH3; the opposite wall
is formed by the side chains of germline-encoded residues Ser52(H)
and Tyr52A(H), which engage in van der Waals interactions with the
Ag peptide, and by somatically mutated residue His56(H), whose
side chain lies parallel to the P10-Tyr ring centered on the b-carbon.
In KE5, the junctional residue Glu95(H) is critical for CDRH3
stabilization, forming hydrogen bonds with the backbone nitrogen
atoms of Thr100E(H) and Gly100F(H), which are part of an opposing junctional Ser/Thr-Gly-Leu-Leu/Ile motif, encoded by stochastically generated DNA, conserved in the anti–AD2-S1 Abs, and
located at the C-terminal base of the CDRH3 (Fig. 1) (15, 24). Its
residues not only stabilize the conformation of the CDRH3 loop but
also form part of the hydrophobic pockets that interact with the AD2S1 peptide side chains of P4-Tyr and P8-Leu (24).
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backbone carbonyl with the Nε of Arg91(L). A similar situation is
found in the anti–AD-2S1 Fabs KE5 and 8F9 (24). Again, a buried
water molecule stabilizes the position of the guanidinium group
of germline-encoded Arg91(H). In this case, the water is bound
to the hydroxyl of CDRL1 residue Thr34(L) and the backbone
nitrogen of germline-encoded Asp50(L) of CDRL2. The side chain
of germline-encoded Asp50(L) also binds the germline-encoded
Arg91(L) guanidinium group, bridging to the backbone oxygen of
Thr100E(H) at the base of CDRH3.
Germline-encoded Trp94(L) makes direct contacts with both
peptide and sugar Ags. In Fab KE5, as well as Fab 8F9 (24), it
forms a surface that interacts with the side chain of P8-Leu of the
AD-2S1 peptide, whereas in Fabs 023.102 and C05 it contributes
to one side of the L-rhamnose–binding crevice. The conformations
of these two residues, however, as well as those of the entire
CDRL3, are very different in the two Fabs. The insertion of a
single junctional residue, Asp95B(L) in Fab 023.102 or Gly95B(L)
in Fab C05, between the stretches coded for by IGKV3-11 and
IGKJ, directly adjacent to the Trp-Pro-Pro motif at the apex of the
CDRL3 loop, causes an entirely different backbone conformation,
leading to an almost 180˚ rotation of the indole ring of germlineencoded Trp94(L) between the two Abs. The Asp95B(L) side chain
of Fab 023.102 does not contact the Ag; instead, it forms a hydrogen bond to its own backbone amide nitrogen, which should
further stabilize the CDRL3 conformation.
Fig. 4 illustrates the superposition of a-carbon traces of the
variable domains of Fab 023.102, Fab C05, Fab KE5, and Fab
8F9. The four proteins, despite a few somatic mutations in their V
genes, are structurally very similar, except for the conformations
of the CDRL3 and CDRH3 loops. The pair of preferred V genes,
IGHV3-30 and IGKV3-11, of which IGHV3-30 encodes CDRH1
and CDRH2 and IGKV3-11 encodes CDRL1, CDRL2, and part of
CDRL3, with corresponding IGHD, IGHJ, and IGKJ genes, binds
to the AD-2S1 Ag of the gB glycoprotein of the HCMV and to the
23F serotype of S. pneumoniae of PPS with different CDRH3 and
CDRL3. Analysis of the full stochastically synthesized portions of
the CDRH3 and 39 part of CDRL3 (34) revealed that the CDR3s
dictate specificity. mAbs 8F9 and KE5 use very similar paratopes
in binding to the gB protein (15, 23) whereas the paratopes of

FIGURE 4. Superimposition of the backbone tracings of anti-HCMV
and anti–S. pneumoniae Abs. a-Carbon backbone tracings of the variable
regions of anti-23F Fabs 023.102 (purple), C05 (magenta), anti-HCMV
Fabs KE5 (dark blue), and 8F9 (cyan). Also displayed are the disulfide
bonds (yellow) of the CDRH3 loops of Fab C05 and Fab 8F9. Major
conformational differences are restricted to the CDR3 loops. Note that the
conformation of the CDRL1 of Fab 023.102, probably due to disorder,
deviates from the consensus conformation.
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residue Lys100(H). Interestingly, despite using a different, much longer
IGHD segment that includes a disulfide bond, Fab C05 has an arginine
residue in a superimposable position to interact with the 23F phosphate. The residues of the C-terminal portion of the CDRH3 loop in
Fab 023.102 are Lys-Phe-Ser-Phe, very similar to the equivalent residues in Fab C05, Arg-Phe-Ala-Phe, suggesting this motif is important
in 23F binding by positioning a positively charged residue to form an
electrostatic interaction with the phosphate moiety. Underlining the
importance of these residues in ligand specificity, the related protective human anti-23F mAb, PVAX2-p8 E03 using IGHV3-30 and
IGKV3-11 (17) with the CDRH3 sequence TKEGAPPGKYAFDI,
contains a junctional glutamic acid in the same position as Glu95(H)
and a Lys-Tyr-Ala-Phe motif, with the lysine residue in a similar
position as Lys100(H). These results suggest a model for the binding of
the full 23F polymer consistent with ideas put forward by Reason and
Zhou (33). Fab 023.102 interacts with one of the repeating four-sugar
building blocks of the 23F polymer with distinct directionality, specifically selecting the antennary L-rhamnose moiety over the internal
backbone L-rhamnose. The crystal structures predict that the missing
backbone carbohydrate, D-glucose, will most likely be placed above
the folded-in CDRH3 loop, and the internal backbone L-rhamnose will
be positioned in contact with the remaining part of CDRL3, specifically the flat surface of germline-encoded Trp94(L).
KE5 is an anti–AD-2S1 Ab that also utilizes IGHV3-30, IGHJ4,
and IGKV3-11. However, KE5 employs a different IGHD gene,
IGHD3-22*01, whereas 8F9 uses IGHD2-5*01 (Fig. 1) (15). In
the Ag-free Fabs of both KE5 and 8F9, the extended conformations of the CDRH3 loops are stabilized by tight intra-CDRH3
interactions. In the KE5 paratope, a hydrogen bond at the loop
apex between the side chains of Asp100(H) and Ser100B(H) and in
its 8F9 equivalent, an intra-CDRH3 disulfide bond (24), achieve
this goal. In the presence of the Ag peptide, however, the CDRH3
conformations are slightly different from each other and from
the one adopted in Fab 8F9, indicating an intrinsic mobility of
CDRH3 (24). The presence of such stabilizing elements will reduce flexibility in extended CDR loops, thus minimizing the entropic penalty when forming a rigid complex with the Ag. Not
only do 8F9 and KE5 CDR3H adopt very similar conformations,
but their backbone atoms also display the same interactions with
the AD-2S1 peptide. Despite presenting different sequences in
their CDRH3s, the sites of most interactions with the Ag and the
same structural features are seen in both AD-2S1–binding Abs.
With the exception of the N- and C-terminal amino acids, the AD2S1 peptide conformations in both the Fab KE5 and Fab 8F9
complexes are virtually identical.
Germline-encoded residues of Fabs 023.102 and C05 that interact with the core disaccharide, especially the L-rhamnose part,
are maintained and somatic mutations from affinity maturation
again support germline-encoded contacts. In the Fab KE5/AD-2S1
complex, as had been seen in the 8F9/AD-2S1 structure (24),
many residues encoded by the germline V genes make key contacts with Ag peptide side chains, and affinity maturation serves to
support these germline-encoded contacts. A closer inspection of
the residues encoded by the L chain V gene IGKV3-11 reveals two
key basic and aromatic germline-encoded residues, Arg91(L) and
Trp94(L), which are conserved in all four Fab molecules and make
important Ag contacts (10, 15, 23, 24, 33, 34). The side chain of
Arg91(L) sits at the base of CDRL3 and CDRH3, forming hydrogen bonds with both the L-rhamnose and AD2-S1 Ags. In both
structures, its position is stabilized by interactions with residues
contributed by the CDR loops. In Fab 023.102 and Fab C05, the
Arg91(L) guanidinium group forms a bridge between the backbone
oxygens of Pro95A(L) of CDRL3 and Lys100(H) of CDRH3. A
water molecule, deep in the binding pocket, links Lys100(H)’s
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which humans have coevolved underscores the importance and
usage of IGHV3-30 in both naive and memory B cell subsets. Our
results provide an example that illustrates how a limited set of
human germline genes can contribute to the creation of binding sites
for a variety of highly diverse Ags.
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023.102 and C05, which bind to the 23F serotypes of PPS, are
also very similar but quite different from those of mAbs 8F9 and
KE5 (Fig. 4). These findings were consistent with results in mice
suggesting that it is the role of the CDR3 to provide Ag specificity
(36, 37).
For two species to coevolve, there has to be adaptive genetic
change in both species as a result of the interaction. In a human–
pathogen interaction, alleles of the pathogen may be selected for
their ability to increase infectivity, whereas those of the human
would be selected to resist infection (38, 39). For example, vertebrate MHC diversity is thought to have evolved to impede
pathogens such as HCV by targeting conserved peptides important
for pathogen infectivity (40, 41). These changes do not always
come without disadvantages, however, with MHC restriction being correlated with autoimmune disease (42). Similarly, the human
Ab response must balance the ability to respond to multiple pathogens with the potential for unwanted cross-reactivity and subsequent
deletion.
Our findings are consistent with the conclusion that preferred
human V genes are under evolutionary selective pressure by multiple
evolving pathogens. The germinal center can generate high-affinity
Abs but without preference for the protective Abs directed against
vulnerable, invariable Ags. Only evolutionary pressure can select the
preferred V genes. Indeed, Ab responses to bacterial carbohydrates
are T cell–independent and as such generally undergo limited
mutation, thus relying on avidity effects for binding to the multiarrayed carbohydrate on the bacterial surface and the underlying
binding ability of the germline Ab. Preferred V gene usage to
carbohydrate Ags has not only been observed in the human Ab
response to S. pneumoniae but also to Haemophilus influenzae type
b where analysis of human Abs targeting HibPS found the repeated
pairing of the IGKV2D-29 (VK A2) L chain with the IGHV3-23
H chain and a canonical CDRH3 (43, 44). Although IGHV3-23
is prevalently used in human Abs (6–10%), the dominant use of
IGKV2D-29 in response to H. influenzae is underscored by its limited use otherwise (0.2–0.5%) (45). Through expression of germlinebased Fabs devoid of mutations but combined with the canonical
CDR3s, significant binding to HibCP oligosaccharides is observed
(46). Similarly, expression of Fabs representing nonmutated Abs
from 4-mo-old infants similarly demonstrated the role of these V
genes in binding and the requirements of a short CDRH3 with
the sequence Gly-Tyr-Gly-Phe/Met/Asp (44). In mouse models
of bacterial infection, structural analysis likewise showed conserved germline gene usage in response to carbohydrate Ags (47).
The IGHV3-30 and IGKV3-11 V genes are well represented
in humans. High-throughput Ab sequencing of naive versus IgM
memory versus IgG memory repertoires revealed that IGHV3-30
and IGHV3-23 are the most commonly used heavy variable genes,
both of which are dominant in the S. pneumoniae 23F human Ab
response (10, 48). Interestingly, IGHJ4 usage increased in memory subsets, and those containing IGHJ4 paired with IGHV3-30
found increased usage of IGHD3 family members, the same combination used in KE5.
Adaptable protection against carbohydrate Ags using small numbers of germline genes (49) and an example of cross-reactivity
between carbohydrate and single-strand DNA with limited paratope overlap (50) have been reported. We now add data that
support a mechanism whereby the IGHV3-30 and IGKV3-11 V
genes provide an innate foundation for protection to two divergent
pathogens by their ability to generate neutralizing mAbs targeting
an invariant site on a viral protein necessary for viral infectivity as
well as neutralizing mAbs directed at a pneumococcal capsular
polysaccharide. Variations in CDR3s then achieve high specificity
to particular Ags. Their ability to do so against two pathogens with
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