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2G12 is a broadly neutralizing anti-HIV-1 monoclonal human IgG1 antibody reactive with a high-mannose
glycan cluster on the surface of glycoprotein gp120. A key feature of this very highly mutated antibody is
domain exchange of the heavy-chain variable region (V,;) with the Vi of the adjacent Fab of the same
immunoglobulin, which assembles a multivalent binding interface composed of two primary binding sites in
close proximity. A non-germ line-encoded proline in the elbow between V,; and C41 and an extensive network
of hydrophobic interactions in the Vi/Vy,' interface have been proposed to be crucial for domain exchange. To
investigate the origins of domain exchange, a germ line version of 2G12 that behaves as a conventional antibody
was engineered. Substitution of 5 to 7 residues for those of the wild type produced a significant fraction of
domain-exchanged molecules, with no evidence of equilibrium between domain-exchanged and conventional
forms. Two substitutions not previously implicated, A™* and E"’*, are the most crucial for domain exchange,
together with I"'? at the V,,/V,,’ interface and P"''* in the elbow region. Structural modeling gave clues as to
why these residues are essential for domain exchange. The demonstration that domain exchange can be
initiated by a small number of substitutions in a germ line antibody suggests that the evolution of a domain-

exchanged antibody response in vivo may be more readily achieved than considered to date.

Protein oligomers are able to exchange or swap an element
of their secondary structure or an entire protein domain. The
functional unit in domain-exchanged proteins thereby stays
preserved, as only the linking hinge loop changes conformation
significantly (4, 17, 27). Analogous to other domain-swapped
proteins, antibodies can exchange an entire domain, in this
case the heavy-chain variable region (Vy), with an equivalent
heavy-chain variable region of an adjacent Fab (V') within
the same immunoglobulin (Ig) molecule (11). The advantages
of domain-exchanged proteins, including antibodies, are
higher local concentrations of active sites, a larger binding
surface, and a potential secondary active site at the new sub-
unit interface (27, 45). The one and only antibody shown to be
domain exchanged to date is 2G12 (7, 11), but this arrange-
ment is potentially possible for any Ig and could have been
overlooked at least in some instances.

2G12 is one of only a few high-affinity monoclonal antibod-
ies with broad neutralizing activity against different subtypes of
HIV-1 (5, 30, 40, 43). The antibody binds a dense cluster of
N-linked high-mannose glycans (Mang GlcNAc,) on the en-
velope surface glycoprotein gp120 (10, 35, 36, 41). The do-
main-exchanged arrangement forms a multivalent binding site
composed of two primary binding sites in close proximity and
a proposed secondary binding site formed by the novel V/Vy’
interface (11). 2G12 provides protection against infection in
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animal models (19, 31) and has been shown to induce neutral-
ization escape following passive immunization in humans (39).

Consensus has grown that a successful HIV-1 vaccine will
need to include a component that elicits broadly neutralizing
antibodies (8, 18, 21, 26, 32, 42). All attempts to elicit 2G12-
like antibodies with the desired specificity and neutralization
activity have failed to date (22, 29, 44), conceivably due to
difficulties in generating adequate mimicry of the glycan cluster
and tolerance mechanisms or, very likely, the inability to in-
duce domain exchange (1). Unraveling the mechanism of do-
main exchange and how this conformation might have evolved
is highly desirable to direct future HIV-1 vaccine design to
elicit 2G12-like antibodies.

By comparison with other domain-exchanged proteins (27),
the following three mechanisms have been proposed to con-
tribute to the unique structure of 2G12 compared to the struc-
ture of a conventional antibody: destabilization of the “closed”
V4/V, interface, conformational change in the elbow between
Vy and Cyl, and an energetically favorable “open” V/Vy'
interface (11). Key residues involved in promoting domain
exchange were predicted based on examination of interacting
residues at the two interfaces and by the effects of alanine
substitutions on the binding of wild-type 2G12 to gp120. How-
ever, the importance of these key residues for domain ex-
change was not directly demonstrated experimentally (11).

Here, we explored the minimal requirements for domain
exchange of 2G12, starting with a germ line version of the
antibody that adopts a conventional antibody structure. Al-
though wild-type 2G12 is heavily somatically mutated, only five
to seven substitutions in the germ line version of the antibody
were shown to produce a significant fraction of domain-ex-
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FIG. 1. Wild-type 2G12 is heavily somatically mutated. The germ line 2G12 amino acid sequence was derived from the original nucleotide
sequence using IMGT/V-QUEST (6). The wild-type 2G12 heavy chain (wt2G12H) has 38 somatic mutations, and the wild-type 2G12 light chain
has 16 (wt2G12K). Residues differing from those in germ line 2G12 (gl2G12) are in boldface. Residues proposed to promote domain exchange
(dx) are shaded in blue, binding/contact residues (b) are shaded in red, and infrequent residues (i) are shaded yellow (see the text). CDRs according

to the Kabat definition are boxed.

changed molecules. The results suggest the evolution of do-
main-exchanged antibody responses may be more facile than
considered to date.

MATERIALS AND METHODS

Germ line 2G12 determination. The germ line 2G12 sequence was derived
from the original 2G12 nucleotide sequence (provided by Hermann Katinger,
Vienna, Austria) using the sequence alignment tool IMGT/V-QUEST (6).
Amino acids derived from N nucleotides were inserted into the germ line se-
quence unchanged. The Kabat numbering scheme (23) is used throughout this
paper.

Antibody expression and purification. Variable regions were cloned and as-
sembled from human genomic DNA (germ line 2G12 light chain) or synthesized
de novo (germ line 2G12 heavy chain; GenScript, Piscataway, NJ). Amino acid
substitutions were introduced by QuikChange site-directed mutagenesis (Strat-
agene, La Jolla, CA). All constructs were verified by sequence analysis (Eton
Bioscience, San Diego, CA). Antibody genes were cloned into full-length IgG1
expression vectors pDR12 (3, 9) or pylHC and pkLC (38) and transiently
expressed with the FreeStyle 293 expression system (Invitrogen, Carlsbad, CA).
Antibodies were purified using affinity chromatography (protein A Sepharose
Fast Flow; GE Healthcare, United Kingdom), and purity and integrity were
checked with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

A t of d Antibodies at a concentration of 4 mg/ml
were digested with 160 pwg/ml papain (Sigma, St. Louis, MO) for 4 h at 37°C, and
Fabs were purified using protein A affinity chromatography. Domain exchange
was assessed by size exclusion chromatography (SEC) of 100 wg purified Fab in
phosphate-buffered saline (PBS) on a Superdex 200 10/300 column (GE Health-
care) at a flow rate of 0.5 ml/min (AKTA FPLC; GE Healthcare). The molecular
weights of the Fab monomer and dimer were checked using a gel filtration
standard (Bio-Rad, Hercules, CA). To determine the percentage of domain
exchange, the area under the peaks was integrated using Unicorn 5.11 software
(GE Healthcare). Duplicate batches of selected antibodies were independently
expressed and digested and showed similar percentages of domain exchange.

Enzyme-linked immunosorbent assays. Binding to gp120 and M1G1 was as-
sessed by coating high-binding microtiter plates (Corning Life Sciences, Lowell,
MA) with 5 pg/ml gp120 JR-FL (Progenics, Tarrytown, NY) or 2.5 pg/ml M1G1,
respectively, overnight at 4°C. For all enzyme-linked immunosorbent assays
(ELISAs), plates were blocked with 3% bovine serum albumin (BSA) and
washed after each step five times with PBS-0.05% Tween. Serial dilutions of
antibodies in PBS were incubated for 2 h at room temperature. Binding was
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detected with an anti-human Fab-alkaline phosphatase (AP) conjugate (1:1,000
or 1.3 ug/ml; Jackson ImmunoResearch, West Grove, PA) and phosphatase
substrate (Sigma). Absorption was read at 405 nm. Mean and standard deviation
values of duplicate measurements are shown.

Molecular modeling. Substituted side chains were modeled in their most
favorable rotamers while avoiding steric clashes where possible with surrounding
side chains, using COOT (14). Molecular graphics images were generated using
the PyMOL molecular graphics system (2002; DeLano Scientific, Palo Alto, CA).

RESULTS

Construction of a germ line version of 2G12. The original
nucleotide sequence of 2G12 (provided by Hermann Katinger)
was analyzed by the sequence alignment tool IMGT/V-
QUEST (6). The best matches for putative germ line se-
quences resulted in IGHV3-21, IGHD6-25, and IGHJ3 for the
heavy chain and IGKV1-5 and IGKJ1 for the light chain (Fig.
1). In this alignment, the D segment is heavily truncated, and
18 N nucleotides have been added between the V and D
segments, leading to an HCDR3 length of 14. N nucleotide-
encoded amino acids were incorporated unchanged into our
germ line version. The IGHV3-21 gene is used in 2.7% of all
rearranged sequences in the IMGT database (median usage of
germ line IGHV genes is 1.8%), IGHJ3 in 15.9% (median
usage of germ line IGHJ genes is 13.8%), IGKV1-5 in 7.5%
(median usage of germ line IGKV genes is 1.2%), and IGKJ1
in 30.2% (median usage of germ line IGKJ genes is 24.3%).
We would therefore consider the usage of the germ line 2G12
genes to be unremarkable.

The putative germ line sequence used in our study differs
from a previously published alignment, where a nonconven-
tional D segment (HSIGMMDL 67829) without the addition
of N nucleotides was used (25). In another study of germ line
2G12, no D segment was assigned, and HCDR3 was left in the
mutated form (46). Compared to the latter study, our germ line
version has two additional residues in HCDR3 (D" and
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FIG. 2. A germ line 2G12 variant with 8 wild-type substitutions
(gl2G12dxEA) is notably domain exchanged. Domain exchange was
assessed by size exclusion chromatography of Fabs prepared by papain
digest, and chromatograms show distinct monomer and dimer peaks.
(A) Wild-type 2G12 (solid line) and the gl2G12K/wt2G12H chimeric
antibody (dashed line) run predominantly as domain-exchanged
dimers; wt2G12K/gl2G12H (dotted line) and germ line 2G12 (not
shown) are not domain exchanged. (B) GI2G12dx (solid line) is not
domain exchanged, while both gl2G12dxbi (dashed line) and
gl2G12dxEA (dotted line) are domain exchanged by 55% and 37%,
respectively. Abs, absorbance.

NH109¢) and one at the D/J junction (P™'%°¢) that were mu-
tated back to those in the germ line. 2G12 shows extreme
somatic mutation. In the heavy chain, 38/123 amino acids are
mutated, and in the light chain, 16/109 amino acids are mu-
tated (corresponding to 71/369 and 43/321 at the nucleotide
level, respectively). This makes 2G12 one of the most mutated
antibodies described to date (20, 37, 46).

Germ line 2G12 is not domain exchanged and does not
detectably bind gp120. Antibodies were expressed as IgGs in
FS293 cells and purified using affinity chromatography. All
antibodies were expressed well and folded correctly into ~150-
kDa IgGs, as assessed by SDS-PAGE. Domain exchange was
assessed by size exclusion chromatography (SEC) of Fabs pre-
pared by papain digest, and chromatograms showed distinct
monomer and dimer peaks (Fig. 2). Wild-type Fab 2G12
(Wt2G12K/wt2G12H) is domain exchanged and runs mostly as
a dimer (>95%), while 2G12 with both V; and V| reverted to
those of the germ line (gl2G12K/gl2G12H) is not domain ex-
changed and runs as a monomer (Fig. 2A). Additionally,
gl2G12K/gl2G12H showed no detectable binding to gp120 in
extensive binding studies, including virus capture assays, glycan
arrays, and binding to yeast (data not shown) (46). If only the
light chain was reverted to that of the germ line, the antibody
retained binding to gp120 and was still largely domain ex-
changed (80%) (Fig. 2A). However, if the heavy chain was
reverted, then the antibody did not bind to gp120 and did
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not exchange domains. We, therefore, conclude that the
contribution of the light chain to domain exchange is small,
and we retained the wild-type 2G12 light chain for the
following studies.

Significant domain exchange can be induced by substituting
only five to seven residues in germ line 2G12. We attempted to
promote domain exchange beginning with germ line 2G12 by
introducing increasing numbers of substitutions corresponding
to the wild-type sequence by site-directed mutagenesis. First,
we focused on the six residues that were proposed to be crucial
for domain exchange based on the 2G12 crystal structure (I71*°,
R0 RMS7 FH77 yH84 and P13, ¢12G12dx) (Fig. 1 and 2B)
(11). Second, as we did not know if domain exchange and
binding are obligatorily linked, we added a further seven ad-
ditional wild-type residues that were found by alanine scanning
to be essential for binding (A™!, H™2 T3 TH>> EH7,
D198 "and N"99C; 012G 12dxb) (11). Third, we added a fur-
ther six residues that are infrequently observed at otherwise
conserved sites (H™822, KM82® and M™82%), are positioned in
conserved turns in close proximity to the elbow region or the
Vy/Vy interface (A™'* and G™*3), or could further stabilize
the V,/Vy,' interface (EF7>; gl2G12dxbi, 19 substitutions). All
these mutated heavy chains were expressed with the wild-type
2G12 light chain, as we found that the contribution of the light
chain to domain exchange is small, and the light chain does not
contribute directly to the newly formed “open” V,/V,," inter-
face and the hinge region. SEC analysis of purified Fabs re-
vealed that gl2G12dx and gl2G12dxb are not domain ex-
changed, while gl2G12dxbi is more than 50% domain
exchanged (Fig. 2B).

Starting with these results, extensive site-directed mu-
tagenesis was performed. By expressing more than 60 vari-
ants with different numbers and combinations of the above-
mentioned residues, we were able to narrow down the number
of residues that are essential for domain exchange (see Fig. 7; see
also Table S1 in supplemental material elsewhere [http:/www
scripps.edu/ims/burton/supplemental/Huber_JVI_2010.pdf]).
We found that variant gl2G12dxEA, which contains all six resi-
dues previously proposed to be important for domain exchange as
well as A™'* and EM7 is still considerably domain exchanged
(37%) (Fig. 2B).

I AT PHIB Cand EM7° are the most important residues
for domain exchange. To determine individual residue contri-
butions to domain exchange, the eight wild-type residues iden-
tified above were reverted back independently to the germ line
residues in the background of the gl2G12dxEA or wt2G12
heavy-chain sequence. In the dxEA background, AH'P,
MR, PH3S and EM7°K reduced domain exchange the most,
while the reversion F*'7’S had no effect on domain exchange at
all (Fig. 3A). Taking a wt2G12 background and mutating the
same eight residues back to germ line showed that the I'"'°R,
AH4P RM57] and EM7°K substitutions lead to a significant
reduction of domain exchange (Fig. 3B). The single point mu-
tation IR completely reverted the antibody back to its con-
ventional form, which was also shown by the determination of
its crystal structure (13). Overall, the effects on domain ex-
change of substitutions in the context of dxEA or wild-type
antibodies were well correlated. One exception was the PP13S
substitution, which had no effect on domain exchange in the
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FIG. 3. Residues I''"?, AH14 PHI3 and EM75 are most important
for domain exchange in 2G12. (A) The eight wild-type residues iden-
tified to be most important for domain exchange were reverted back
individually to the germ line residues, starting with germ line
2G12dxEA (first bar; 37% domain exchange). Substitutions IR,
AHMp PHIS and EH7°K most reduced domain exchange. The last
bar shows complete reversion to germ line 2G12. (B) Same reversion
to germ line residues as described in the legend to panel A, but starting
with wild-type 2G12 (first bar; 95% domain exchange). In the wild-type
setting, the I"°R, AHMP, RM57I, and EH7°K substitutions lead to a
significant reduction of domain exchange, and I'"'“R completely dis-
rupted domain exchange. ND, not determined.

context of wild-type 2G12 but reduced domain exchange in the
dxEA variant.

Structural modeling of P"'“A and K""°E substitutions. The
possible contributions to domain exchange of six residues have
previously been discussed (11, 16). Briefly, P™''? in the elbow
region is proposed to facilitate domain exchange and stabilize
the structure by hydrophobic interaction with V*%%; the three
residues I™°, R™7 and F™77 are proposed to contribute to
the favorable V,;/V,,’" interface through hydrophilic interac-
tions (R™7) and an extensive hydrophobic patch (I''' and
F77); and R™* is proposed to weaken the conventional
V/V, interface (Fig. 4A). For the two residues newly assigned
as important for domain exchange, A™* and E®”>, molecular
modeling analyses were performed using the high-resolution
structure of wild-type 2G12 (Protein Data Bank accession no.
10P3) (11) as the template in COOT (14). A proline at posi-
tion H14 (as found in germ line 2G12) was found to introduce
steric clashes with residues that help form the elbow region in
the domain-exchanged structure (A™!* and S™''?) (Fig. 4B),
suggesting that this residue would not be tolerated at this
position in domain-exchanged 2G12. A lysine substitution at
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A

FIG. 4. Structural factors that promote domain exchange in 2G12
are located in the V/Vy' interface and the elbow region. (A) The
variable domains of Fab 2G12, with the domain-exchanged heavy
chains shown in blue and purple and the light chains shown in gray
(produced with coordinates from Protein Data Bank accession no.
10P3) (11). Residues important for domain exchange are shown in
stick format and are located in the Vi5/Vy, interface (1", R"%7, and
E"7), the elbow region (A™, VM and PH"'"%) and the Vy/Vy
interface (R™*°). (B) Modeling of proline at position H14 (as found in
germ line 2G12) introduces steric clashes (steric clashes are repre-
sented as dashed orange lines). (C) Modeling of a lysine substitution at
position H75 (as found in germ line 2G12) leads to the loss of a
charged interaction (between EP7> and R"%7; charged interactions are
shown as dashed black lines) as well as water-mediated hydrogen
bonds (between EH7°, R*7 and Y™, hydrogen bonds are shown as
dashed gray lines, and waters are shown as spheres) at the V/Vy'
interface. D"7? forms two electrostatic interactions with mutated res-
idue R™"7 in domain-exchanged wild-type 2G12.

position H75 (as found in germ line 2G12) was found to re-
move a charged interaction (between E™”° and R™°7) and
water-mediated hydrogen bonds (from EP” to R™*7 and
Y") at the Vy/Vy' interface (Fig. 4C). A glutamate at
position H75 (as found in wild-type 2G12) is thus likely to
significantly stabilize the V;/Vy," interface.

Anti-2G12 idiotypic antibody M1G1 can be used to assess
domain exchange. In order to assess domain exchange by other
means than SEC, we tested the anti-2G12 idiotypic antibody
MI1G1 (34) for binding to different versions of 2G12. It was
speculated that M1G1 binds to the elbow region of the light
chain and that the epitope contains a pronounced conforma-
tional component (34). ELISA data showed that M1G1 bound
well to the domain-exchanged wt2G12 but not to a conven-
tional antibody, as represented by wt2G12K/gl2G12H, and
with intermediate affinity to different 2G12 variants depending
on the percentage of domain exchange (Fig. SA). Purified Fab
monomers and dimers were also bound differentially (Fig. 5B).
Anti-2G12 idiotypic antibody M1G1 was thus found to be
domain exchange sensitive and could be used to predict the
domain exchange of 2G12 variants.

No evidence for equilibrium between domain-exchanged and
conventional forms of IgG. To test if there is an equilibrium
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FIG. 5. Anti-2G12 idiotypic antibody M1G1 can be used to as-
sess domain exchange. (A) Binding of IgG variants of 2G12 to
anti-2G12 idiotypic antibody M1G1 is dependent on the conforma-
tion of 2G12. The following heavy chains were all expressed with the
wild-type 2G12 light chain: wt2G12H (open dots), gl2G12H (squares),
gl2G12Hdx (upright triangles), gl2G12Hdxb (inverted triangles), and
gl2G12Hdxbi (diamonds). (B) Fab wt2G12dxEA (open dots; 37% do-
main exchanged) and corresponding purified dimeric (squares) and
monomeric (triangles) Fabs.

between the domain-exchanged and the nondomain-ex-
changed forms of 2G12 in solution, purified gl2G12dxEA Fab
monomers and dimers were incubated separately for approxi-
mately 2 weeks at 4°C and 3 h at 37°C or for 10 min at up to
60°C. No evidence of a change in the proportions of domain-
exchanged or conventional antibodies in any preparation was
detected, as assessed by SEC or binding to the domain ex-
change-sensitive anti-2G12 antibody M1G1 (Fig. 6A and data
not shown). To test if the percentage of domain exchange is
already determined during folding and assembly of the IgG
inside the producer cells (15, 24), we expressed gl2G12dxEA at
both 32 and 37°C to vary the rate of protein synthesis. Al-
though protein expression was much less at the lower temper-
ature, there was no difference in the percentages of domain
exchange of the purified Fabs, as measured by SEC (Fig. 6B).
As the whole purification and papain digestion process could
impact the amount of domain-exchanged protein, we also
tested the binding of the crude supernatant to M1G1 (Fig. 6C).
There was no difference in binding, showing that the domain-
exchanged antibody fractions remain stable throughout the
entire purification process.

Domain exchange could have evolved with only a few so-
matic mutations. To explore the question of how domain ex-
change might have evolved in vivo, we made a series of additive
substitutions in germ line 2G12 in the order of decreasing
importance to domain exchange, as estimated from Fig. 3.
Domain-exchanged molecules are detected, even with very few
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FIG. 6. No evidence for an equilibrium between domain-ex-
changed and conventional forms of germ line 2G12dxEA. (A) Purified
Fabs were analyzed and separated in monomer and dimer configura-
tions with SEC (shaded area). After storage at 4°C for approximately
2 weeks and incubation for 3 h at 37°C, the distribution of dimers (solid
line) and monomers (dashed line) remained unchanged. (B) Expres-
sion of germ line 2G12HdXEA at 37°C (solid line) or 32°C (dashed
line) does not change the percentage of domain exchange of purified
Fabs. (C) Expression of germ line 2G12HdXEA at 37°C (solid dots) or
32°C (open squares) does not change the M1G1 binding of crude
supernatant.

substitutions, and their fractions gradually increase with every
additional substitution (Fig. 7). By adding the fifth substitution
(to give AMHHIORIBOEH7SPHIL “the percentage of domain-
exchanged gl2G12 rises substantially to 27% (Fig. 7). Although
this proposed path of the evolution of the domain exchange is
purely experimental and not necessarily how it arose in vivo, it
shows that a domain-exchanged antibody could be achieved
with a reasonably small number of mutations.

DISCUSSION

Although the unique, domain-exchanged antibody 2G12 is
heavily somatically mutated, we found that only five to seven
crucial amino acid mutations in the V-V’ interface (1'%,
R™7 and E"7), the V-V, interface (R™*°), and the elbow
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FIG. 7. Domain exchange could have evolved with only a few so-
matic mutations. Extensive site-directed mutagenesis was performed,
and each substitution was analyzed for domain exchange. The percent-
age of domain exchange was graphed versus the number of germ line
residues of the 2G12 heavy chain that were changed into wild-type
ones (i.e., 0 equals germ line, and 38 equals wild-type including all
somatic hypermutations). About five residues are necessary to get a
fraction of domain exchange significantly higher than a linear trend
(shaded area). The variants gl2G12dx, gl2G12dxb, gl2G12dxbi, and
gl2G12dxEA are depicted as open circles. The panels of individual
germ line reversion in the gl2G12dxEA (Fig. 3A) and wt2G12 (Fig. 3B)
backgrounds are shown with upright and inverted triangles, respec-
tively. A potential pathway for evolution into a domain-exchanged
antibody is shown (squares). Diamonds show other ineffective and
unrelated variants that were tested (see Table S1 in supplemental
material elsewhere [http://www.scripps.edu/ims/burton/supplemental
/Huber_JVI_2010.pdf]).

region (A™4, V84 and P™13) are necessary to effect consid-
erable domain exchange when starting with a germ line version
of 2G12. The most important residues are I"''? and A™',
located at the V;/V,," interface and in close proximity to the
elbow region, respectively, yet the contributions to overall do-
main exchange from individual residues are small and lead
only to incremental increases in the percentage of domain
exchange (Fig. 7).

Key residues proposed earlier to promote domain exchange
are not sufficient by themselves (11, 16), as we have shown that
two additional residues (A™* and E""°) (Fig. 3A) contribute
significantly. Proline is the most frequent residue (95% [n =
768] of all paired human antibody sequences in the 2010 Abysis
database [www.abysis.org]) at position H14 (Fig. 3B) and par-
ticipates in a highly conserved B turn. Structural modeling,
however, suggests that substitution by alanine (as in wild-type
2G12) might be necessary for domain exchange to avoid steric
clashes. Moreover, H19 is usually a large basic residue (argi-
nine or lysine; together, 74%), with isoleucine (as in wild-type
2G12) being very infrequent (1%) at this site. Apart from
2G12, only five other antibodies in the Abysis database do not
have a proline at position H14 or a large basic residue at H19.
The variation at position H75 is much greater, with 4% of
heavy chains having a glutamate at this site. On the other hand,
one of the residues proposed earlier to be essential for domain
exchange, F™'7, was found here not to be critical (Fig. 3A).
This is also supported by the fact that wild-type 2G12 F77A
still binds to gp120 (data not shown), contrary to data from
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crude Fabs published previously (11). The amount of domain-
exchanged antibody could differ if antibodies are expressed as
Fabs or IgGs. Moreover, some of the essential residues might
have been difficult to uncover in earlier studies (11, 16), as
domain exchange was assessed only from structural interac-
tions and changes in the binding affinity of variants in a wild-
type background and not a germ line 2G12 background.

Introduction of domain exchange into a conventional germ
line antibody and disruption of domain exchange in wild-type
2G12 are two different processes. In the germ line background,
the loss of a single important residue can have a profound
effect on domain exchange (Fig. 3A), whereas substitution of a
single residue in wild-type 2G12 could be compensated by the
presence of several other domain exchange-supporting resi-
dues (Fig. 3B), and the importance of individual residues in the
two different backgrounds might, therefore, not be obligatorily
linked. We found though that "' and A™!* are the most
important residues in both backgrounds and that the contri-
bution to domain exchange is overall well correlated, with the
exception of the elbow proline P*''? (Fig. 3A and B). Fur-
thermore, residues that are not somatically mutated and
substitutions to residues differing from the wild type have
not been studied so far. Also, while it may be that a domain-
exchanged conformation can be achieved for a number of
antibodies, i.e., with a variety of combinations of heavy- and
light-chain germ line genes, different residues might be re-
sponsible for the key interactions that drive domain ex-
change in different antibodies.

Once folded, both conventional and domain-exchanged
forms of 2G12 seem to be equally stable. While, in other
domain-exchanged molecules, an equilibrium is often observed
between monomeric and dimeric forms, e.g., RNase A (27, 28,
33), domain exchange in 2G12 appears to have a high kinetic
barrier, as we found no evidence for equilibrium between do-
main-exchanged and conventional forms nor any effect on the
ratio of domain exchange by expressing proteins at different
temperatures (Fig. 6). At what time point domain exchange
occurs, whether during or after folding and assembly of whole
Ig (15, 24), needs to be further investigated. All of the anti-
bodies used in this study were expressed as IgGs, as expression
of Fabs might bias the percentage of domain exchange.

Assessment of the binding of germ line 2G12 variants to
gp120 was not carried out here, as the requirements for bind-
ing exceed those for domain exchange and include mutations
in the complementarity-determining regions (CDRs). 2G12
domain exchange may have appeared independently of bind-
ing, although most likely selection occurred first for binding to
mannose epitopes and the molecule subsequently became do-
main exchanged. This notion is supported by other experi-
ments showing that nondomain-exchanged 2G12 in its conven-
tional form still binds mannose epitopes with essentially
unchanged binding interactions (13). Binding to antigen could
have evolved initially in the context of a conventional antibody,
and domain exchange then could have occurred later without
disturbing the conformation of the antigen binding sites.

Our results show that the evolutionary pathway to a domain-
exchanged antibody could be surprisingly short, as substitution
of only five to seven residues resulted in at least a partially
domain-exchanged antibody. Once enough mutations have ac-
cumulated to permit significant domain exchange, in vivo, a B
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cell expressing a domain-exchanged receptor with favorable
avidity to highly clustered antigens on a pathogen due to the
unique arrangement of primary binding sites would be selected
and activated. This initial activation would result in an avidity-
driven competition for survival and clonal expansion and,
thereby, increase the percentage of domain exchange, compa-
rable to selection for high-affinity clones. Although no binding
of germ line 2G12 to gp120 was detectable in our hands, this
antibody could still be selected in vivo, as affinities needed for
B-cell selection can be very low (in the micromolar range or
even undetectable) (2, 12).

Here, we have determined which residues are crucial for
domain exchange of 2G12 and have successfully domain ex-
changed a germ line version of 2G12. The demonstration that
domain exchange can be initiated by a small number of sub-
stitutions in a germ line antibody may have important conse-
quences for the evolution of a domain-exchanged antibody
response in vivo. Although 2G12 is the only antibody known so
far to be domain exchanged, it would be very surprising if there
were not more domain-exchanged antibodies in nature, given
the few mutations necessary to induce this configuration and
the apparent stability of the arrangement. Further studies will
pinpoint the requirements for inducing or increasing domain
exchange in other antibodies and may provide clues as to how
this exchange may be promoted through immunization. A po-
tential strategy would include a prime immunization with a
regularly arrayed immunogen to get specific conventional an-
tibodies, followed by boosts with the same immunogen in small
discrete clusters to favor domain exchange.
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