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Abstract
Detailed analysis of factors governing high affinity antibody-antigen interactions yields important
insight into molecular recognition and facilitates the design of functional antibody libraries. Here
we describe comprehensive mutagenesis of the light chain complementarity determining regions
(CDRs) of HIV-1 antibody D5 (which binds its target, ‘5-Helix’, with a reported KD of 50 pM).
Combinatorial scanning mutagenesis libraries were prepared in which contact residues on the D5
light chain were varied among WT side chain identity or alanine. Selection of these libraries
against 5-Helix, and then sequence analysis of the resulting population were used to quantify
energetic consequences of mutation from wild-type to alanine (ΔΔGAla-WT) at each contact
position. This analysis revealed several hotspot residues (ΔΔGAla-WT ≥ 1 kcal/mol) that formed
combining site features critical to the affinity of the interaction. Tolerance of D5 light chain
residues to alternative mutations was explored with a second library. We found that light chain
residues located at the center and at the periphery of the D5 combining site contribute to shape
complementarity and electrostatic characteristics. Thus, the affinity of D5 for 5-Helix arises from
extended interactions involving both the heavy and light chains of D5. These results provide
significant insight for future antibody engineering efforts.

The specific recognition of an antigen by an antibody is the central feature of humoral
immunity, and serves as the basis for countless therapeutic, research, and diagnostic reagents
(1,2). A clear delineation of factors governing high affinity antibody-antigen interactions
enhances our understanding of how natural antibodies evolve, and provides information for
designing antibody libraries from scratch (3–12). Biochemical and biophysical data on
protein-targeting antibodies have shown that, similar to other protein-protein interactions,
the energetics of intermolecular interfaces between antibodies and their protein antigens are
dominated by a small number of residues on either partner (‘hotspots’ for binding) (13–20).
Residues in the heavy chain CDRs (HCDRs) constitute the majority of the contact surface
(the ‘structural paratope’) in many protein-antibody interactions, and most antibody
engineering efforts have focused on these regions (3,10–12). However, in some cases both
heavy and light chains form extended contacts with the antigen (13–16). Mutational analysis
on the antibody D1.3, which binds hen egg-white lysozyme (HEL) but can also bind other
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targets, demonstrated that characteristics of antibody-protein interfaces can vary even within
a single antibody that can bind multiple targets (13,14). Therefore, detailed mutagenesis
studies, on a case-by-case basis, of combining site features that contribute most significantly
to high affinity binding (‘functional paratopes’) will provide guidelines for development of
improved antibody libraries that more accurately mimic physicochemical properties of
natural interfaces.

Here we explore light chain requirements for binding in the high affinity HIV-1 antibody
D5. Antibody D5 was originally isolated from a phage library constructed from uninfected
donors, by screening against 5-Helix, a designed protein that mimics the prehairpin
intermediate of HIV-1 gp41 (21). The structure of the D5 antigen-binding fragment (Fab) in
complex with 5-Helix, and extensive mutagenesis of heavy chain residues, was previously
reported by Luftig et al. (the crystal structure is shown in Figure 1A) (22). Antibody D5 has
very high affinity for 5-Helix (the reported KD of the IgG is 50 pM) through a protein-
protein interaction involving all six CDRs and > 1000 Å2 of combining site surface area
(23,24). The functional paratope on the D5 heavy chain involves F54 and T56 from HCDR2
which project into a cleft on 5-Helix (Figure 1C). Mutation of these HCDR2 residues to
alanine results in significant loss of binding affinity in the IgG (22). The D5 heavy chain is
derived from germline sequence VH1-69, and the critical HCDR2 region is identical in
sequence to the germline and bears significant sequence and structural homology to other
virus neutralizing antibodies derived from the same progenitor (24–27) (Figures 1B and 1C).
In fact, the HCDR2 regions of influenza antibody CR6261 and HIV-1 antibody 412D are
nearly identical in sequence to D5 (Figure 1B) and antigen recognition by these antibodies
also involves interaction between F54 of HCDR2 and surface-exposed hydrophobic residues
on the antigen (Figure 1C). The similarities among modes of recognition of VH1-69
antibodies suggest that this germline may have unique properties amenable to the design of
antibody libraries (28).

Given these similarities among VH1-69 heavy chains, we sought to explore contributions of
D5 LCDRs to recognition of 5-Helix. Several groups have shown that critical functional
residues at protein-protein interfaces can be rapidly identified using combinatorial
mutagenesis coupled to a selection that is dependent on the protein-protein recognition
(19,20,29–31). In this method, ‘combinatorial scanning mutagenesis’ libraries are prepared
in which contact positions are allowed to vary among WT or a mutant (in some cases, a 3rd

or 4th residue is permitted) and subjected to a selection that is dependent on protein-protein
recognition. The output ratio of WT/mutant observed at each position provides an indication
of the relative importance of that position to the protein-protein interface. In cases where the
selection involves isolation of direct binding clones (i.e., phage display), this WT/mutant
ratio can be used to infer energetic information about the consequences of a given
WT→mutant mutation by assuming that the WT/mutant ratio observed from the selection is
proportional to the ratio of association constants (KA) for WT and a WT→mutant single
point mutant (20,21). This approach is more rapid that traditional site-directed mutagenesis,
and allows simultaneous assessment of multiple positions. We performed combinatorial
scanning mutagenesis on the LCDR contact residues of D5 by phage display. Our results
reveal several unique features that govern affinity in this protein-antibody interaction.

MATERIALS AND METHODS
Expression, Purification, and Refolding of 5-Helix

5-Helix was prepared essentially as described (32). Briefly, an expression plasmid
containing 5-Helix was transformed into E. coli BL21(DE3) Rosetta cells. Cells bearing the
expression plasmid were grown to an OD600 of ~ 0.6, and expression of 5-Helix induced at
37 °C for 4 hrs by addition of ~1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). The cells
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were harvested by centrifugation and lysed by incubating with ice-cold glacial acetic acid
for 1-2 hrs. The lysate was then clarified by ultracentrifugation. Water was added to bring
the final acetic acid concentration to < 10 % (v/v) and the mixture lyophilized. The material
was resdissolved in water/acetonitrile, and purified by preparative RP-HPLC on a C18
column with water/acetonitrile/trifluoroacetic acid mobile phases. The purified material was
lyophilized, and then dissolved in 6 M guanidine HCl (protein concentrations were kept
below 0.5 mg/mL). The purified 5-Helix was refolded by step-wise dialysis into 100 mM
glycine HCl (pH 3), then phosphate-buffered saline (PBS, pH 7). Precipitated material was
removed by centrifugation and the soluble, refolded 5-Helix protein and stored at −80 °C.

Phage Display of the D5 Single Chain Variable Fragment (scFv)
The pCANTAB5E-based vector pAPIII6 was used to display the D5 scFv (33). A synthetic
gene (codon optimized for E. coli) was obtained from a commercial supplier (DNA 2.0,
Menlo Park, CA) in which the VH and VL domains of D5 were linked by a (GGGS)3 linker
(the DNA sequence of the D5 scFv segment and full cloning details are provided in the
Supporting Information). This D5 scFv construct was cloned into the phagemid pAPIII6
using HindIII and SalI cloning sites to produce the phagemid pJH3. Cloning of the scFv into
pAPIII6 in this way results in display of a chimeric protein containing an N-terminal FLAG
epitope (for detection), the scFv, and the C-terminal 188 residues of the minor coat protein
pIII all under phoA promoter control (33). To prepare phage particles displaying the D5 scFv
(D5Φ), pJH3 was transformed into E. coli XL1-Blue cells, and grown for 3 hours in LB
containing 10 μg/mL tetracycline and 50 μg/mL of carbenicillin. The culture was then
coinfected with 1011 plaque forming units (pfu) of VCSM13 or K07 helper phage, the media
supplemented with 50 μg/mL of kanamycin, and the culture grown at 37 °C overnight. Cells
were removed by centrifugation, and the phage particles precipitated by addition of 4 % (w/
v) polyethylene glycol (PEG) 8000 and 3% (w/v) NaCl. The precipitated phage were
recovered by centrifugation and resuspended in PBS containing 1% (w/v) BSA.

Functional display of the scFv was confirmed using phage enzyme-linked immunosorbent
assay (ELISA). High-binding Costar EIA/RIA plates were coated with 0.4 μg of 5-Helix in
100 mM NaHCO3 pH 8.5 at room temperature for 1-2 hours or overnight at 4 °C, then
unbound well sites blocked with 1% (w/v) BSA in PBS. The well solution was decanted and
the D5Φ incubated for 1-2 hrs. The wells were washed 5 times with PBS containing 0.05%
(v/v) Tween (PBS-T), and then an anti-M13/horse radish peroxidase (HRP) conjugate
allowed to bind for 1-2 hrs. The wells were washed again with PBS-T and the presence of
the anti-M13-HRP detected with the chromogenic substrate tetramethylbenzidine (TMB).

Preparation of D5 scFv Combinatorial Scanning Mutagenesis Libraries
An inactive ‘stop’ clone based on pJH3, in which contact residues of LCDR1-3 regions were
replaced with TAA stop codons, was prepared to serve as the template for library synthesis.
Kunkel mutagenesis was used as described (34) to replace the stop codons with library DNA
using 5′ phosphorylated primers consisting of the reverse complement of the following
sequences (degenerate nucleotide mixtures follow standard nomenclature: K = G/T; M = A/
C; N = A/T/C/G; R = A/G; S = G/C, W = A/T, Y = C/T): Alanine scanning library: LCDR1,
TGC CGC GCG TCT GAA GGT ATT KMT SMT KSG CTG GCT TGG TAC CAG CAG;
LCDR2, GCA CCG AAA CTG CTG ATC KMT RMA GCG TCT KCC CTG GCA TCC
GGT GCT CCA; LCDR3, GCG ACC TAC TAC TGC CAG CAA KMT KCC RMC KMT
SCA SYT ACT TTT GGT GGC GGC ACC. ‘Scan 2′ library: LCDR1, TGC CGC GCG
TCT GAA GGT ATT YWT CRT TKG CTT GCT TGG TAC CAG CAG AAA; LCDR2,
AAA GCA CCG AAA CTG CTG ATT YWT ARG GCG TCT KCC CTG GCA TCC GGT
GCT CCA; LCDR3, GCG ACC TAC TAC TGC CAG CAA YWT KCC MAN YWT SCA
MTG ACT TTT GGT GGC GGC ACC.
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Typical Kunkel mutagenesis reactions contained 9 μg of single-stranded uridine-enriched
template DNA, and 12-fold excess of each library primer. Library DNA was purified and
then E. coli XL-1 Blue were transformed with the library DNA to yield 9 × 106 (alanine
scan) and 2 × 106 (‘Scan 2’) total clones. These library sizes exceeded the maximum
theoretical diversities of 1 × 106 (alanine scan) and 1 × 105 (‘Scan 2’); therefore, all
sequences were adequately represented. Large-scale sequencing of resulting library clones
indicated that ~60 % (alanine scanning library) or ~40 % (scan 2 library) of the population
contained all three library DNA primers (LCDRs 1, 2, and 3) incorporated. The sequence
diversity was high among these library clones.

Library Sorting and Analysis
Combinatorial scanning mutagenesis libraries were subjected to two rounds of selection
against 5-Helix. For each round, Costar EIA/RIA high-binding plates were coated with 5-
Helix (10 μg over 5 wells in 100 mM NaHCO3 pH 8.5) overnight at 4 °C or for 1 hr at room
temperature, then blocked with BSA (1% (w/v) in PBS) at room temperature for 1-2 hours.
Library phage (> 1010 pfu in PBS-T containing 1% (w/v) BSA) were depleted of non-
specific binders by preincubation with BSA-coated wells, and then were incubated with 5-
Helix-coated wells at room temperature for 1-2 hrs. The wells were then washed 5 times
with PBS-T, then binding phage eluted by incubating with 100 mM glycine HCl pH 2 for
5-10 min. Eluted phage solutions were neutralized with 1 M Tris, pH 8, and then propagated
by coinfection of an XL1-Blue culture with VCSM13 or K07 helper phage at 37 °C
overnight. Resulting phage mixtures were precipitated with PEG 8000/NaCl, then
redissolved in PBS-T containing 1% (w/v) BSA and used for the subsequent round of
selection. The display selection (against anti-FLAG antibody M2) was similar except that
the libraries were subjected to only one round, and the population was not depleted of non-
specific binders prior to this round of selection.

To analyze individual clones for 5-Helix binding, 1.5 mL cultures of individual phage from
the selected population were grown at 37 °C overnight. The cells were removed by
centrifugation, and the culture supernatant applied directly to 5-Helix- or BSA-coated wells.
After 1-2 hr incubation, the wells were washed with PBS-T, and the presence of binding
phage determined using anti-M13/HRP conjugate and TMB substrate. Clones displaying
positive ELISA signal against 5-Helix that was 2-fold or greater over background (BSA)
were subjected to DNA sequencing. Analysis for the display selection was similar, except
that wells were coated with 50 ng of anti-FLAG antibody M2. For alanine scanning
libraries, a WT/Ala ratio was calculated at each position and converted into ΔΔG using the
equation ΔΔG = RT ln (WT/Ala) for both the 5-Helix selection and the display selection
(19,20). The ΔΔGAla-WT was then calculated as follows: ΔΔGAla-WT = ΔΔG (5-Helix
selection) – ΔΔG (display selection). Analysis to calculate ΔΔGmut-WT for the Scan 2 library
was similar.

RESULTS
Expression and Purification of 5-Helix, the D5 Target

5-Helix is engineered to expose a binding groove for the C-heptad repeat (CHR) region of
gp41 thereby mimicking the conformational intermediate in the gp41-mediated membrane
fusion pathway known as the ‘prehairpin intermediate’ (see Supporting Information) (32,
35). The protein consists of alternating segments corresponding to the N-heptad repeat
(NHR) region and the CHR of gp41 linked by flexible protein loops (three total NHR
segments and two CHR segments) (32, 35). When folded, 5-Helix adopts a structure similar
to the six-helix bundle post-fusion state of gp41 but with one of the CHR helices displaced.
Antibody D5 inhibits viral entry by binding the CHR-binding groove and preventing
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progression from the prehairpin intermediate to the six-helix bundle fusion state. (22, 32, 35)
Several versions of 5-Helix proteins have been reported (32, 35, 36). The cocrystal structure
of the D5 Fab was solved using a 5-Helix variant designed by Kim and coworkers (22).
More recently, Harrison and coworkers designed a similar protein known as ‘gp41-5’ (32);
we used the Harrison construct in our studies. The Kim and Harrison designs vary slightly in
length of the α-helices and at the linker regions, but the residues that contact D5 are identical
among these clones (see Supporting Information). For clarity, we refer to the Harrison
construct as ‘5-Helix’ here and throughout the remainder of the text. We expressed, purified,
and refolded 5-Helix as previously described (32) (see Supporting Information).

Combinatorial Alanine Scanning Mutagenesis
We expressed the D5 scFv as a pIII fusion (see Supporting Information) and prepared a
combinatorial alanine scanning library in which LCDR positions forming van der Waals
contacts with 5-Helix were randomized using the scheme of Weiss et al. (19). This library
was subjected to two rounds of selection against 5-Helix. Polyclonal phage ELISA analysis
of the unselected library (‘R0’) and output populations from rounds 1 and 2 (‘R1’ and ‘R2’,
respectively) indicated that the selection against 5-Helix was successful (Figure 2). We
tested individual clones from the R2 population for binding by high-throughput phage
ELISA and found that over 70% of the clones exhibited a specific binding signal for 5-
Helix. We sequenced a sampling of these hits (79 clones) and determined the WT/Ala ratio
at each position. The sequence diversity among these clones was high, with only two
siblings (clones that had identical amino acid sequence to another clone in the population) in
the dataset. To account for display biases, we performed a parallel selection of the alanine
scanning libraries against anti-FLAG antibody M2 (a FLAG epitope is included at the N-
terminus of the displayed scFv) and then calculated corrected ΔΔGAla-WT values as
described in Materials and Methods. Table 1 shows results from this sequence analysis; in
cases where additional substitutions other than WT or Ala were permitted (m2 and m3), the
ΔΔGm2-WT and ΔΔGm3-WT values are also listed. Figure 3 shows the results of ΔΔGAla-WT
scanning mapped onto the crystal structure of the D5 combining site. Based on range of
ΔΔGAla-WT values we observed, and on published ΔΔGAla-WT values obtained from
combinatorial scanning mutagenesis on the well-characterized human growth hormone-
receptor complex (19, 20), the D5 LCDR residues in Figure 3 were color-coded according to
the following classifications: red, ΔΔGAla-WT ≥ 1.0 kcal/mol (‘hotspot residues’); orange,
0.4 kcal/mol < ΔΔGAla-WT < 1.0 kcal/mol; green, 0 < ΔΔGAla-WT < 0.4; cyan, ΔΔGAla-WT ≤
0 kcal/mol.

Five of the 12 LCDR residues explored in our libraries had ΔΔGAla-WT ≥ 1.0 kcal/mol
(Y30, K50, Y94, P95, L96). The residues Y94, P95, L96 form a cluster of hotspot residues
at the interface of the variable domains from heavy (VH) and light (VL) chains involving
Y94, P95, and L96 of LCDR3. These residues lie at the ridge of a deep pocket in the D5
combining site into which W571 of 5-Helix protrudes, and are adjacent to the critical
HCDR2 residues F54 and T56 on D5 (22). These results further confirm that a critical
feature of this high affinity association is an interlocking interaction between opposing
hydrophobes on either partner (W571 on 5-Helix, and F54/T56 on D5) (Figure 4). The
LCDR hotspot residues (Y94, P95, and L96) line the pocket on the D5 combining site, but
are adjacent the critical residues on HCDR2 (F54 and T56).

Residue Y30 (ΔΔGAla-WT = 1.0 kcal/mol) is located at the periphery of the combining site
and forms the edge of an overall concave binding surface into which two of the α-helices in
5-Helix are nestled (Figure 5A). The identification of Y30 as a hotspot residue is surprising,
since hotspot residues tend to cluster at the center of protein-protein interfaces (18 – 20, 37).
This position is occupied by a Thr in the five nearest germline progenitors (see Supporting
Information), suggesting that Tyr at this position was specifically selected. The
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combinatorial alanine scanning codon for Tyr also allows substitution with Ser (m2) and
Asp (m3); the ΔΔGm2-WT (0.7 kcal/mol) and ΔΔGm3-WT (0.9 kcal/mol) values for these
substitutions indicate that substitutions other than Ala also involve an energetic penalty.

Results from combinatorial alanine scanning mutagenesis have been shown to correlate
closely with in vitro binding studies with single WT→Ala mutants in several systems
(17,19). However, we sought to confirm the critical role of Y30 in the D5 scFv for binding
to 5-Helix since this feature (a hotspot residue located at the periphery of the combining site)
is unusual. We prepared a single point mutant phage clone bearing the Y30A scFv and
analyzed the binding of this clone by phage ELISA against 5-Helix as a function of phage
titer (Figure 5B). Although phage solubility limits prevented saturation of the binding signal,
it is clear from the partial binding curve in Figure 5B that the Y30A phage clone is deficient
in its ability to bind 5-Helix relative to the clone displaying WT D5 phage clone. The
highest phage titer tested in Figure 5B (~7 × 1010 infectious units/mL) corresponds to a
phage concentration of ~ 0.1 nM. At this concentration, we observed a significant binding
signal for WT D5Φ to 5-Helix, as is consistent with a subnanomolar binding constant (the
reported KD for the D5 scFv is 150 pM) (23). However, we observed significantly lower
binding signal at these concentrations for the Y30A mutant. The ELISA signals for the WT
and Y30A phage clones were within ~20% at higher 5-Helix concentrations (see Supporting
Information), indicating that display levels for the Y30A scFv are not grossly perturbed
relative to the WT scFv. These results confirm that Y30 plays a critical role in the binding
interaction.

The basis for conservation of residue K50 (ΔΔGAla-WT = 2.1 kcal/mol) is not clear from the
crystal structure – none of the residues within van der Waals radius of the terminal
ammonium appear to have polar interactions. However, mutation to Thr (ΔΔGm2-WT = 1.1
kcal/mol) was less perturbing (though still strongly disfavored) and substitution with an
acidic residue (Glu) was even more energetically costly than Ala (since no substitutions to
Glu were observed in the surviving pool, our analysis provides only a lower ΔΔGm3-WT
estimate of 2.0 kcal/mol). The α-helical segments of 5-Helix are collectively negatively
charged at neutral pH and therefore K50 may play a role in long-range interactions (32).
However, another possibility is that K50 and the adjacent residue, Y49, play a role in
maintaining the VH-VL interface to appropriately position residues playing a direct role in
the interaction. The Y49 residue falls just short of our categorization as a hotspot residue
(ΔΔGAla-WT = 0.9 kcal/mol) but mutation to alanine was nonetheless significantly
disfavored. Substitution with Asp at this position was also disfavored (ΔΔGm3-WT > 1.1
kcal/mol). The D5 scFv construct may be particularly sensitive to mutations that alter the
VH-VL interface relative to Fab or full-length IgG constructs since minor changes at the VH-
VL may have significant effects of scFv folding stability. The D5 scFv is reported to have a
KD comparable to that of the IgG (150 pM for the scFv and 50 pM for the IgG) and
therefore indirect contributions of residues at the VH-VL interface are nonetheless
informative.

Several of the residues assayed in our combinatorial alanine scanning libraries (W32, Y91,
N93, Y94) were previously studied by mutagenesis and SPR studies with the full-length D5
IgG by Luftig et al. (22). Our results are in rough agreement with the SPR data for Y94 and
N93. Mutation of Y94 to alanine resulted in over 30-fold increase in KD of the IgG, and this
matches our data that indicate the ΔΔGAla-WT is high for this position in the scFv (2.6 kcal/
mol). Mutation of N93 to alanine had a minor effect on KD for the IgG (4-fold increase); we
observed a negligible ΔΔGAla-WT (0.2 kcal/mol) at this position in the scFv. In the SPR
studies, substantial effects of KD of the IgG were obtained for the mutants W32A and Y91A
(~20-fold increase in each case), however we observed small ΔΔGAla-WT for these positions
(−0.3 kcal/mol and 0.3 kcal/mol, respectively). We observed a bias for WT side chain
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identity at both positions in the display selection (WT/Ala of 2.6 for W32A and 3.1 for
Y91A). Therefore, it is possible that mutation of these residues to Ala results in structural
effects, and these structural effects contribute to the observed decrease in binding of the IgG.
However, another possibility is that discrepancies reflect differences between the IgG (used
in the SPR studies) and the scFv (examined here).

Tolerance for Other Substitutions
Mutation of residues from WT to Ala provides information about contribution to binding
affinity; however, these data can be biased due to the non-equivalent perturbing nature of
WT→Ala mutations (20,37). To gain further insight into tolerance for mutation at LCDR
positions, we generated a second library in which LCDR residues were permitted to vary
among WT and a less perturbing mutation (referred to here as the ‘Scan 2’ library). We
designed a codon set for this analysis (Table 2) with the goal of examining substitutions that
were not as perturbing as WT→Ala mutations, but altered some aspect of the side chain.
Specifically, we aimed to include substitutions that contained similar physicochemical
features (e.g., charge or hydrogen bonding capacity) but differed either in side chain length
or size. We produced the ‘Scan 2’ library and subjected it to two rounds of selection against
5-Helix. We sequenced a sampling of binding clones (60 total clones) and calculated
ΔΔGmut-WT using a strategy similar to that used for the combinatorial alanine scanning
library. Numerical values for ΔΔGmut-WT are shown in Table 3, and represented graphically
in Figure 6 (combinatorial alanine scanning residues are shown for comparison). In some
cases, additional substitutions were permitted (which we refer to here as m4 and m5 to
prevent confusion with substitutions from the alanine scanning library); the ΔΔGm4-WT and
ΔΔGm5-WT values are also listed in Table 3.

Substitutions from the ‘Scan 2’ library were tolerated to a higher degree at positions Y94,
P95, and L96 though a strong preference for WT (ΔΔGmut-WT ≥ 0.9 kcal/mol) was still
observed at positions Y94 and P95. These results further confirm that ridge lining the pocket
into which W571 of 5-Helix protrudes is a critical feature for this interaction. The
combinatorial codon we employed for the ‘Scan 2’ library permitted addition substitutions
of Phe or His at position Y94; Phe at this position was minimally perturbing (ΔΔGm4-WT =
0.2 kcal/mol) but His was poorly tolerated (ΔΔGm5-WT = 1.5 kcal/mol). The residue P95
likely plays a role in positioning the aromatic group at Y94 and therefore P95 cannot be
functionally replaced by other residues. Residue L96 lines the bottom of the combining site
pocket; we found that mutation to Met was well tolerated (ΔΔGmut-WT = 0.2 kcal/mol),
therefore this position is more malleable to substitution by other aliphatic groups.

We observed a high ΔΔGmut-WT for replacement of the peripheral Y30 residue with Leu (1.0
kcal/mol). However, substitution with Phe (ΔΔGm4-WT = −0.1 kcal/mol) or His (ΔΔGm5-WT
= 0.3 kcal/mol) was tolerated to a higher degree. The residue K50 could be replaced by Arg
without penalty, further implicating the charge contribution to binding for this position. The
adjacent residue, Y49, could not be replaced with Leu (ΔΔGmut-WT = 1.2 kcal/mol) or His
(2.4 kcal/mol) and even the conservative Tyr→Phe mutation was found to be energetically
costly (0.7 kcal/mol). Together with data from the neighboring K50 residue, these
observations suggest that residues at the interface of VH and VL domains play indirect roles
in supporting this high affinity interaction.

All other residues that bore modest ΔΔGAla-WT from the alanine scanning library also did
not have high ΔΔGmut-WT from the ‘Scan 2’ library. This result is consistent with studies on
the human growth hormone-receptor interaction that have shown that alanine scanning and
other mutagenesis schemes are in rough agreement for identification of those residues that
play major and minor roles in the intermolecular interaction (20). Notably, the substitutions
in the ‘Scan 2’ library for three of the LCDR residues were alanine (S53, S92, and P95) and,
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in two of these three positions (S92 and P95), the ΔΔGAla-WT varied considerably among the
‘Scan 2’ library and the alanine scanning library (−0.5 kcal/mol vs. 0.5 kcal/mol for S92,
and 0.9 kcal/mol vs. 1.4 kcal/mol for P95). These results indicate that context-dependent
results may affect analysis of residue contributions when using combinatorial scanning
mutagenesis. It is possible that other mutations were less deleterious in the ‘Scan 2’ library
and therefore WT→Ala at positions S92 and P95 was more highly tolerated due to
compensatory effects not present in the alanine scanning library. Combinatorial alanine
scanning is based on the predicate that ΔΔGAla-WT values are independent from other
positions (20); proof that this predicate is true would come from obtaining equal ΔΔGAla-WT
values from different libraries. The discrepancy in ΔΔGAla-WT values for S92 and P95
suggest that this predicate may not hold true for all positions or all cases. A comprehensive
analysis of Scan 2 binding clones containing WT→Ala mutations at S92 and P95, to identify
coupled compensatory mutations elsewhere, might provide some insight into this question.
However, our sampling size (n = 60 clones) was too small to identify significant mutational
couplings. We note that Pal et al. observed similar behavior with the human growth
hormone-receptor interaction (20).

DISCUSSION
Light Chain Contributions to High-Affinity Binding in D5

Our analysis demonstrates that light chain residues contribute substantially to the high
affinity interaction between the D5 scFv and 5-Helix. In particular, a cluster of hotspot
residues at the VH-VL interface (Y94, P95, L96) form the ridge of a pocket on the D5
combining site into which a hydrophobe (W571) from 5-Helix protrudes. These results, in
conjunction with previous studies on the D5 IgG by Luftig et al. (22), indicate that the
critical feature for this intermolecular association is an interlocking interaction between the
opposing hydrophobes of W571 on 5-Helix and D5 HCDR2 residues F54 and T56.
Furthermore, our results suggest that Y30, a residue with high ΔΔGAla-WT at the periphery
of the combining site on LCDR1, also plays a role in this high affinity interaction.
Interestingly, Y30 contacts one of the CHR segments of 5-Helix. The CHR region is likely
not relevant to inhibiting HIV-1 membrane fusion since the NHR core trimer of the
prehairpin intermediate is thought to consist only of NHR segments. Recently, D5 variants
were isolated by phage display affinity maturation against a mimic of the prehairpin
intermediate lacking the CHR (‘IZN23’) (23). The D5 variants selected against this target
did not maintain identity at position Y30, which supports the hypothesis that this residue is
important for recognition of 5-Helix.

Comparison to Other Protein Antibodies
Extensive site-directed mutagenesis studies have been performed on the anti-HEL antibody
D1.3 as a model for antibody-protein recognition (13,14). The interface of D1.3 for HEL
binding has properties similar to that of the human growth hormone-receptor interaction, in
that a small cluster of hotspot residues (four total residues across VH and VL with ΔΔG > 1
kcal/mol) account for the majority of the energy of the association (13). However, the
interface involving an anti-D1.3 antibody (E5.2) that binds at the D1.3 combining site and
contacts the same residues as HEL was found to be more evenly distributed among D1.3
combining site residues (14). In the D1.3-E5.2 interaction, six of nine residues examined in
VL, and all eight residues examined in the VH had ΔΔG values > 1 kcal/mol for single
WT→Ala mutations. From our studies with D5, the ΔΔGAla-WT values ranged from −0.3
kcal/mol to 2.6 kcal/mol, consistent with the range of values obtained from combinatorial
alanine scanning studies of the human growth hormone-receptor interaction and the
interaction between Fab2C4 and its target ErbB2 (17,19,20). However, the distribution of
hotspot residues differs in that not all critical residues are clustered together at the center of
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the protein-protein interface. Instead, critical residues contributing to the high affinity
association of D5 and 5-Helix appear to be distributed across the extended interface
consisting of all six CDRs.

Unique Recognition Properties of VH1-69 Antibodies
Several groups have noted that the VH1-69 germline segment is frequently selected among
virus neutralizing antibodies (24–27,38), perhaps a surprising observation since antibodies
derived from this germline account for less than 2% of productive rearrangements in normal
(uninfected) circulating blood (39). Antibody D5 represents a prototypical VH1-69 antibody
since it was isolated from a library constructed from uninfected donors and therefore
contains relatively few mutations from the originating germline segments (21). In particular,
the critical heavy chain paratope on D5 – involving residues on HCDR2 – is identical in
sequence to the VH1-69 germline. The similarity among modes of recognition in D5,
CR6261, and 412D involving HCDR2 (Figure 1C) suggest that unique properties of the
hydrophobic VH1-69 HCDR2 make it particularly amenable intermolecular association with
surface-exposed hydrophobic patches on antigens. As an example, the structural paratope for
CR6261 is dominated by HCDR1 and HCDR2 (HCDR3 plays only a minor role) (25); this
feature is notable since most other protein-antibody interactions involve major contributions
from HCDR3 (3). We suggest that HCDR2 of VH1-69 antibodies form a ‘hydrophobic
anchor point’ and other CDR contacts contribute to optimize specificity and affinity. This
unique recognition property could potentially be exploited to generate novel synthetic
antibody libraries based on VH1-69 scaffolds. Here we have shown that LCDR residue
contribute substantially to interaction between D5 and 5-Helix. Studies to determine if the
specificity of D5 can be altered by light chain engineering alone are currently underway.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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IPTG isopropyl-β-D-thiogalactopyranoside

RP-HPLC reverse-phase high performance liquid chromatography

PBS phosphate-buffered saline

pfu plaque forming units

PEG polyethylene glycol

BSA bovine serum albumin

ELISA enzyme-linked immunosorbent assay

HRP horseradish peroxidase

TMB tetramethylbenzidine

CHR C-heptad repeat
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Figure 1.
(A) The crystal structure of the D5 Fab bound to 5-Helix reported by Luftig et al. (reference
22). Side chains involved in the interaction are shown in blue (heavy chain), red (light
chain), or yellow (5-Helix). The critical HCDR2 is boxed. (B) Sequences of the HCDR2
region of VH1-69, D5, CR6261, and 412D. Residues that differ from the germline are shown
in gray. Viral targets for each antibody are indicated in parentheses. (C) Role of HCDR2 in
recognition D5 (blue), CR6261 (magenta), and 412D (green). (Antigens shown in gray.) In
all three antibodies, F54 contacts surface-exposed hydrophobic residues on the antigen.
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Figure 2.
Results from polyclonal phage ELISA of populations from unselected library (R0), and
output phage from rounds 1 and 2 of the selection against 5-Helix (R1 and R2, respectively).
A specific binding signal was observed in the R2 population. Phage titers for all three
populations were ~2 × 1010 infectious units/mL.
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Figure 3.
Combinatorial alanine scanning results mapped onto the crystal structure of D5. Residues in
the VL domain are colored according to ΔΔGAla-WT: red, ≥ 1.0 kcal/mol; orange, 0.4 – 1.0
kcal/mol; green, 0 – 0.4 kcal/mol; cyan, ≤ 0 kcal/mol. Residues previously shown by Luftig
et al. to be important for binding in the VH domain are colored blue.
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Figure 4.
Interlocking interaction between opposing hydrophobes. The pocket on the D5 combining
site, into which W571 of 5-Helix inserts, is lined by hotspot residues Y94, P95, and L96.
Protruding residues from HCDR2 of D5 (F54 and T56) are shown in blue.
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Figure 5.
(A) Location of Y30 on the overall concave surface of the D5 combining site. (B) Results
from phage ELISA with particles displaying WT D5 or a Y30A point mutant as a function
of phage titer. The OD(450nm) at each phage concentration was corrected for background
binding by subtracting the binding signal against wells coated with 5-Helix from wells
coated with BSA (‘corrected’ OD(450nm)).
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Figure 6.
ΔΔGAla-WT and ΔΔGmut-WT values obtained from combinatorial alanine scanning and ‘Scan
2’libraries. The positions are labeled with WT residue identity preceding the position
number, and the substitution of the ‘Scan 2’ library following the number. A ‘cut-off’ of 1
kcal/mol (dashed line) was used to identify hotspot residues.
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Table 2

Designed ‘Scan 2’ codon set.

WT residue
Degenerate

codonA Substitutions

H CRT H/R

K ARG K/R

L MTG L/M

N MANB N/Q(/H/K)

P SCA P/A

S KCC S/A

W TKG W/L

Y YWTB Y/L(/F/H)

A
Degenerate nucleotide mixtures follow standard nomenclature: K = G/T; M = A/C; N = A/T/C/G; R = A/G; S = G/C, W = A/T, Y = C/T.

B
Due to the degeneracy of the genetic code, additional substitutions are permitted for some residues – these additional substitutions are indicated in

parentheses.
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