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Background: Single domain variable regions of shark antibodies (V-NARs) are promising biotherapeutic candidates.
Results: A V-NAR specific for human serum albumin was humanized, and its crystal structure in complex with the antigen was

solved, revealing an unusual recognition mode.

Conclusion: Humanization preserved antigen binding properties and activity of the parental shark antibody.
Significance: A structural framework for humanization of shark antibodies was established.

The immunoglobulin new antigen receptors (IgNARs) are a
class of Ig-like molecules of the shark immune system that exist
as heavy chain-only homodimers and bind antigens by their sin-
gle domain variable regions (V-NARs). Following shark immu-
nization and/or in vitro selection, V-NARs can be generated as
soluble, stable, and specific high affinity monomeric binding
proteins of ~12 kDa. We have previously isolated a V-NAR from
an immunized spiny dogfish shark, named E06, that binds spe-
cifically and with high affinity to human, mouse, and rat serum
albumins. Humanization of E06 was carried out by converting
over 60% of non-complementarity-determining region residues
to those of a human germ line Vk1 sequence, DPK9. The result-
ing huE06 molecules have largely retained the specificity and
affinity of antigen binding of the parental V-NAR. Crystal struc-
tures of the shark E06 and its humanized variant (huE06 v1.1) in
complex with human serum albumin (HSA) were determined at
3- and 2.3-A resolution, respectively. The huE06 v1.1 molecule
retained all but one amino acid residues involved in the binding
site for HSA. Structural analysis of these V-NARs has revealed
an unusual variable domain-antigen interaction. E06 interacts
with HSA in an atypical mode that utilizes extensive framework
contacts in addition to complementarity-determining regions
that has not been seen previously in V-NARs. On the basis of the
structure, the roles of various elements of the molecule are
described with respect to antigen binding and V-NAR stability.
This information broadens the general understanding of anti-
gen recognition and provides a framework for further design
and humanization of shark IgNARs.

The atomic coordinates and structure factors (codes 4HGK and 4HGM) have been
deposited in the Protein Data Bank (http://wwpdb.org/).
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Antibody-based targeting has become an established para-
digm of biologic drug development. High affinity, excellent
specificity, generally good stability, and Fc-associated effector
functions all make antibodies the molecules of choice for many
diagnostic and therapeutic applications. At the same time,
novel non-antibody scaffolds are constantly being sought by
industry to allow for development of new therapeutic agents
offering advantages over classical antibody platforms (1, 2). In
particular, smaller size for better tissue penetration, reduced
complexity for easier production, and enhanced biological and
biophysical stability are some of the properties desired for the
new generation of biologics.

Multiple formats and optimization strategies that try to
incorporate these properties have been described. Some of the
resulting molecules, such as scFv,> DVD-Ig™, diabody, scFv-
Fc, and others, represent novel designs or effector function
variants based on traditional antibody scaffolds (3, 4). In addi-
tion, naturally occurring single variable domain antibodies
from cartilaginous fish (IgNARs) and camelids (VHH antibod-
ies; also known as nanobodies) provide an attractive alternative
(5, 6). The variable domains of these antibodies can be linked in
tandem to provide multispecificity and increase the size and
thus the in vivo half-life of the molecules. They can also be
linked to Fc domains of traditional antibodies to provide them
with desired effector functions.

IgNARs were discovered in sharks in the 1990s (7, 8). Their
variable regions (V-NARs) are small (12-13-kDa), indepen-
dently folding domains that demonstrate high biophysical sta-
bility, solubility, and ability to bind to a variety of antigens

3 The abbreviations used are: scFv, single chain Fv; IgNAR, immunoglobulin
new antigen receptor; HSA, human serum albumin; HEL, hen egg white
lysozyme; CDR, complementarity-determining region; FW, framework; HV,
hypervariable region; V, variable region; VH, variable heavy chain; VL, vari-
able light chain; VHH, variable domain of the H chain of heavy chain anti-
bodies; hFc, human IgG1 Fc; CM, conditioned medium.

VOLUME 288+NUMBER 24+JUNE 14, 2013



including epitopes located in clefts on protein surfaces (e.g.
enzyme active sites) that are non-accessible by traditional anti-
body variable domains (9, 10). A similar preference for cleft
recognition was demonstrated for camelid VHH antibodies
(11-14). In both cases, the key to such recognition is the struc-
tural organization of the CDR loops, in particular CDR3, which
is often long (15—18 residues) and protruding from the V-NAR
or VHH surface.

V-NARs are distinct from typical Ig VH and VL domains as
well as camelid VHH domains, sharing higher structural
homology to immunoglobulin VL and T-cell receptor V
domains than with immunoglobulin VH. The most unique fea-
ture of V-NARs is the absence of a CDR2 loop and of two
B-strands, C’ and C", associated with it. Instead, a distinct “belt”
is formed around the middle of the B-sandwich structure (10,
15). This region shows an elevated rate of somatic mutations
and has thus been termed hypervariable region 2 (HV2) (16).
Another region of increased mutation frequency is located
between HV2 and CDR3, comprising a loop that links 3-strands
D and E similar to that in T-cell receptor V chains; thus, this
region was termed HV4. Structurally, HV2 is most proximal to
CDR3, whereas HV4 is in proximity to CDR1.

Several structural types of IgNAR variable domains have
been classified based on the number and position of extra cys-
teine residues in CDRs and frameworks (FWs) in addition to
the canonical cysteine pair (Cys**/Cys®® for VL; Kabat nomen-
clature) of the Ig fold (5). Type I V-NAR, found in nurse sharks,
has 2 cysteines in CDR3 and 2 more cysteines in frameworks
(FW2 and FW4). The more common type II has one extra cys-
teine pair, which links CDR1 and CDR3. Type III, detected pri-
marily in neonatal shark development, is similar to type II but
has a conserved Trp residue in CDR1 and limited CDR3 diver-
sity. Another structural type of V-NAR, which we have termed
type IV, has only two canonical cysteine residues. So far, this
type has been found primarily in dogfish sharks (Ref. 17 and this
study) and was also isolated from semisynthetic V-NAR librar-
ies derived from wobbegong sharks (18).

The single domain nature and the lack of CDR2 in V-NARs
heighten the requirement for CDR1 and CDR3 to provide spe-
cific and high affinity binding to prospective antigens. CDR3,
which is more variable in terms of sequence, length, and con-
formation, plays the key role in antigen recognition. The plac-
ing of cysteine residues in different V-NAR types is important
for determining the conformation of CDRs. For example, CDR3
islongand extended (and tethered to CDR1) in PBLAS, a type Il
V-NAR, which enables it to access the active site cavity of its
target, hen egg white lysozyme (HEL; Ref. 10). In contrast, 5A7,
a type I V-NAR also directed against lysozyme and targeting a
similar surface epitope, has a long CDR3 that adopts a bent
conformation and forms a rather flat binding surface that does
not enter deep into the HEL active site (10, 15). Nevertheless,
both HEL binders form comparable buried surface area with
their target (~700 A%) and bind with low nanomolar affinity.
The extent of the surface area is similar to values observed for
the complexes of heavy chains of classical antibodies with their
targets (19, 20).

Besides CDR1 and CDR3, a few other elements are involved
in the HEL interaction by PBLA8 and 5A7. Of note is the resi-
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due Arg®" in the HV4 loop of PBLAS that forms a hydrogen
bond with Asp'® in HEL (10). Detailed mutational analysis of
5A7 by Fennell et al. (21) revealed a high degree of mutational
plasticity within the V-NAR domain and suggested that resi-
dues outside of the CDR1 and CDR3 loops may form additional
contacts with the antigen. For example, mutation of Ser®! to
Argin HV4 of 5A7 increases HEL binding ~5-fold likely due to
the formation of a contact with Asp'®' similar to Arg®' in
PBLAS. Likewise, mutation of Ala' to Asp in 5A7 results in
increased HEL binding due to a putative ionic interaction (21).

In contrast to typical antibodies, the structure described in
this study utilizes CDR1 only minimally for antigen binding. An
atypical “sideways” binding mode is observed that relies heavily
on framework residues to achieve antigen binding in addition
to CDR3. This binding mode has been described previously for
other single domain antibodies (14) but has not been seen pre-
viously in V-NAR:s.

It is assumed that to be useful in therapeutic applications all
novel non-human scaffolds, such as V-NARs or camelid VHH
single domains, need to be humanized to reduce immunogenic-
ity and/or improve thermodynamic stability, folding, and
expression properties. Considerable expertise has been accu-
mulated in this subject area, particularly with rodent mAbs
(22-24). Typically, CDRs of a murine antibody of interest are
grafted onto an appropriate human germ line framework
(selected for sequence similarity, expression properties, or
both), and then back-mutations are introduced at key positions
responsible for particular CDR conformation and thus antigen
binding. This approach has yielded many humanized antibod-
ies with a number of them making it into the clinic.

With camelid VHH domains, humanization has been rela-
tively straightforward because of the overall structural similar-
ity and high sequence homology (~80%) between human and
camel or llama sequences. In most instances, only ~10 muta-
tions of “non-human” surface residues toward the human germ
line of the closest VH3 type need to be introduced into VHH
scaffolds; in addition, two of four VHH hallmark residues in
FW?2 (positions 42, 49, 50, and 52) can be changed (25, 26). All
those changes can result in biophysically stable, well expressed,
and biologically active VHH domains with nearly 100% frame-
work identity to human germ line sequences.

Shark V-NARs represent an obvious challenge for humaniza-
tion because of the structural differences (e.g lack of CDR2) and
low overall sequence identity (generally ~30%) to human
VH/VL sequences. However, available crystal structures of
V-NAR domains demonstrate organization of key framework
regions similar to that of human Ig variable domains, thus mak-
ing an attempt at humanization possible. In this study, we
describe the generation of humanized versions of type I and
type IV V-NARs based on the human germ line VL scaffold,
DPKO. We also provide detailed structural analysis of the type
IV V-NAR clone, E06, in complex with its target, human serum
albumin. Our analysis provides the foundation for further
improvement and humanization of shark V-NARs.

EXPERIMENTAL PROCEDURES

Design and Cloning of Humanized V-NAR Variants—The
sequences encoding humanized E06 variants were codon-opti-
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mized for expression in mammalian cells and synthesized by
GeneArt AG (Germany). The sequences were cloned into a
mammalian expression vector under the control of a murine
CMV promoter. A signal peptide for extracellular secretion was
added at the N terminus. C-terminal tags included His,, AAA-
Hisg, or human IgG1 Fc (hFc). For hFc fusions, a Gly,-Ser-Gly,
linker was incorporated between the V-NAR and Fc.

Expression and Purification of V-NAR Proteins—V-NAR-hFc
fusion proteins were expressed in COS-1 cells grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% heat-
inactivated fetal calf serum, penicillin, streptomycin, and gluta-
mine. Cells were transfected using TransIT reagent (Mirus)
following the manufacturer’s recommendations, and serum-
free conditioned medium (CM) was typically collected at days 3
and 7 post-transfection. hFc fusion proteins were purified on
HiTrap protein A columns (GE Healthcare) followed by size
exclusion chromatography on a Superdex 200 16/60 column
run in PBS, pH 7.2.

Monomeric V-NARs tagged with AAA-His, were similarly
expressed in COS-1 cells and purified by chromatography on a
HisTrap FF column (GE Healthcare). CM was loaded onto a
column pre-equilibrated with 50 mm sodium phosphate, 300
mwm NaCl, pH 8.0, and after extensive washing with the same
buffer containing 20 mm imidazole, the bound proteins were
eluted with a linear 10-column volume gradient to 250 mm
imidazole. Fractions containing V-NAR proteins were dialyzed
against PBS. Protein concentration was determined by A, ¢, ...

To obtain E06-His, and huE06 v1.1-His, proteins for crystal-
lography, transient expression in HEK293-EBNA cells was per-
formed in 1-liter spinners. Cells grown in serum-free Free-
Style293 expression medium (GE Healthcare) were transfected
using polyethylenimine and harvested 120 h later. The expres-
sion of His,-tagged proteins in CM was confirmed by immuno-
blotting with anti-His, antibody (Qiagen).

Isolation of EO6-Human Serum Albumin Complexes—Clari-
fied CM containing parental or humanized E06 with C-termi-
nal His, tag was applied to Ni>*" -nitrilotriacetic acid Superflow
resin (Qiagen). Following capture, the column was rigorously
washed in PBS supplemented with 20 mm imidazole and sub-
sequently eluted in PBS supplemented with 250 mm imidazole.
E06 was dialyzed against PBS to remove excess imidazole in
preparation for complex formation. To remove oligomeric spe-
cies from commercial human serum albumin, lipid-free HSA
(Sigma, catalog number A3782) was dissolved in PBS at 50
mg/ml and applied to a Superdex 200 16/60 size exclusion col-
umn. Fractions corresponding to the monomeric species were
pooled and incubated at a 1:2 molar ratio with E06. After incu-
bation for 1 h, the complex was concentrated and applied to a
Superdex 200 16/60 column pre-equilibrated in Tris-buffered
saline to remove excess E06. Consistent with complex forma-
tion, HSA and E06 co-eluted from the column at earlier elution
volumes than both free species alone. Appropriate fractions
were pooled and concentrated to 10 mg/ml for crystallization.

ELISA—Serum albumin proteins used for binding experi-
ments were from Sigma. For direct ELISA to detect V-NAR
binding to antigens, Costar assay plates were coated with 1
pg/ml antigen in PBS and then blocked with 1% nonfat milk in
PBS. V-NAR-hFc proteins were diluted in assay buffer (0.5%
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nonfat milk, 0.05% Tween 20 in PBS) and incubated with anti-
gen for 1 h followed by incubation with goat anti-hFc-HRP for
1 h. For sandwich ELISA, plates were coated with goat anti-hFc
polyclonal antibody (Jackson ImmunoResearch Laboratories)
at 2 ug/ml in PBS. V-NAR-hFc proteins were titrated starting
from 1 pg/ml in assay buffer and incubated in the plate for 1 h
followed by addition of 1 ug/ml antigen (e.g. HSA) in assay
buffer for 1 h. Bound HSA was detected using goat anti-HSA-
HRP conjugate (Bethyl Laboratories). Concentrations of
expressed hFc fusion proteins in CM were determined by sand-
wich ELISA using goat anti-hFc polyclonal antibody for capture
and HRP-conjugated goat anti-hFc polyclonal antibody for
detection.

Crystallization—E06-HSA crystals were grown by hanging
drop vapor diffusion at 18 °C in drops containing 1.0 ul of pro-
tein stock solution (11.0 mg/ml protein complex, 25 mm Tris,
pH 7.4, 150 mm NaCl) mixed with 1.0 ul of well solution (16%
PEG 2000 monomethyl ether, 100 mm sodium acetate, pH 4.6)
and equilibrated against 0.5 ml of well solution. Chunky crystals
grew in approximately 1 week, measuring ~50 wm across.

huE06 v1.1-HSA crystals were grown by hanging drop vapor
diffusion at 18 °C in drops containing 1.0 ul of protein stock
solution (10.7 mg/ml protein complex, 25 mm Tris, pH 7.6, 150
mMm NaCl) mixed with 1.0 ul of well solution (25% PEG 2000
monomethyl ether, 100 mm sodium acetate, pH 4.6) and 0.2 ul
of the additive 30% 1,6-hexanediol and equilibrated against 0.5
ml of well solution. Diamond-shaped crystals appeared over-
night and grew in approximately 1 week, measuring ~50 wm in
the longest dimension.

Data Collection and Processing—E06 complex crystals
belong to the space group P3,21 (Number 154) with unit cell
parameters 127.98 X 127.98 X 151.76 A® and contain two mol-
ecules of EO6 and two molecules of HSA in the asymmetric unit,
implying a solvent content of 54.2%. Crystals were drawn
through a solution of 20% DMSO and 80% well solution and
cooled rapidly in liquid nitrogen. Diffraction data were
recorded at Advanced Photon Source beamline 22-ID on a
MAR-300 detector. Intensities were integrated and scaled using
the program xia2 (27). huE06 v1.1 complex crystals belong to
the space group P3,21 (Number 152) with unit cell parameters
131.34 X 131.34 X 74.52 A® and contain one molecule of E06
v1.1 and one molecule of HSA in the asymmetric unit, implying
asolvent content of 57.0%. Crystals were drawn through a solu-
tion of 25% ethylene glycol and 75% well solution and cooled
rapidly in liquid nitrogen. Diffraction data were recorded at
Advanced Photon Source beamline 22-ID on a MAR-300
detector. Intensities were integrated and scaled using the pro-
gram autoProc (28).

Phasing, Model Building, and Refinement—The structure of
E06 in complex with HSA was determined by molecular
replacement with Phaser (29, 30) using the crystal structure of
apo-HSA (Protein Data Bank code 1AO6) as a starting search
model. A few rounds of refinement with PHENIX (31) were
performed after which clear density for the 3-sheet regions of
E06 was obtained. After subsequent placement of a polyalanine
model of E06 and several iterative cycles of model rebuilding
with Coot (32) and refinement with autoBuster (28), final R

work
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Statistics for data collection and refinement for E06-HSA and huE06 v1.1-HSA complexes
Values in parentheses represent the corresponding values for the highest resolution shells. r.m.s., root mean square.

E06-HSA huE06 v1.1-HSA

Wavelength (A) . 1.000 1.000
Resolution range of data (A) 30.0-3.04 113.7-2.34
Riperge” (%) 222 8.6
Completeness (%) 93.2 99.7
Redundancy 6.4 4.6
Total reflections 170,816 144,138
Unique reflections 25,936 31,469
I/a(l)® ) 13.9 (2.3) 10.7 (1.1)
Resolution range of refinement (A) 30.0-3.04 38.0-2.34
Ry (%) 23.7 (26.2) 22.1(27.9)
Ry 0 (%) 26.6 (27.0) 25.9 (31.4)
r.m.s. deviations from ideal geometry

Bonds (A) 0.008 0.004

Angles (°) 1.100 0.771
Wilson B-value (A{) 74.7 45.1
Average B-values (A?) 89.4 (HSA) 71.2 (HSA)

68.1 (E06) 47.8 (huE06 v1.1)

Protein atoms 9,296 4,505
Solvent atoms 37 72

“Runerge = |, — 1,|/1, where I, is the average intensity over symmetry equivalents.

 I/a(I) = average I/average o(I).
“Ryork = IIF()bsl - ‘Fcach/bar]I:()bs“

Ry, is equivalent to R, but calculated for a randomly chosen 5% of reflections omitted from the refinement process.

and Ry, values of 23.7 and 26.6%, respectively, were obtained
(Table 1).

The huE06 v1.1 structure was determined by molecular
replacement using E06 as the starting molecular replacement
model. After iterative cycles of model improvement and refine-
ment using Coot and PHENIX, final R, and Ry values of
22.1 and 25.9%, respectively, were obtained for huE06 v1.1
(Table 1).

Kinetic and Affinity Measurements of the E06-Serum Albu-
min Interaction—The kinetic constants of the E06-serum albu-
min interactions were determined by surface plasmon reso-
nance (Biacore T100, GE Healthcare). Flow cells of a CM5 chip
were immobilized with ~600 resonance units of HSA, mouse
serum albumin, and rat serum albumin in 10 mm glycine, pH 4.0
at 5 ul/min. Association of five concentrations of EO6 proteins
(from 1.23 to 100 nm at pH 7.4 and 0.062 to 30 nm at pH 6.0
depending on affinity) and a zero concentration (running
buffer) was recorded for 2 min in 20 mm HEPES buffer with 150
mM NaCl, 3mM EDTA, 0.05% P20, pH 7.4 or 20 mm MES buffer
with 150 mm NaCl, 3 mm EDTA, 0.05% P20, pH 6.0. Dissocia-
tion of the complexes was measured for 3 min. Two 10-s pulses
of 10 mM glycine, pH 1.5 regenerated the surface. Curves
obtained after subtraction of the reference and buffer signals
were fitted to a 1:1 Langmuir binding model with Biacore T100
Evaluation software.

Accession Numbers—Structure factors and coordinates have
been deposited in the Worldwide Protein Data Bank under
codes 4HGK (E06) and 4HGM (huE06 v1.1).

RESULTS

Isolation of Human Serum Albumin-binding Shark IgNARs—
Spiny dogfish sharks (Squalus acanthias) were immunized with
human serum albumin, and V-NAR sequences from a seropos-
itive animal were isolated and made into a phage display library
(33). Solid-phase panning of the library on HSA was carried out
and led to the isolation of a number of positive clones, many of
which also reacted to mouse and rat serum albumins. Binding at
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both pH 7.0 and pH 6.0 (to facilitate lysosomal recycling) was
incorporated as part of the screening strategy. One of the best
binders, which reacted to HSA, mouse serum albumin, and rat
serum albumin at pH 7.0 and pH 6.0, was called E06.

V-NAR clone E06 is 103 residues in length and has low
sequence similarity to human variable domain sequences
(<<30% identity) with the closest human germ line sequences
being from VL6 and VH4 families. E06 is a typical shark V-NAR
lacking the CDR2 region of mammalian antibody V domains
and instead carrying an HV2 stretch in FW2 and an HV4loop as
part of the FW3 sequence. Similar to other Ig molecules, there is
a 8-amino acid CDR1 sequence and relatively short 9-amino
acid CDR3 sequence (Fig. 1). E06 belongs to a structural type IV
family of shark V-NARs that is distinct from the better charac-
terized type I (e.g. 5A7; Refs. 15 and 34) and type Il domains (e.g.
PBLAS, a phage display library clone from HEL-immunized
nurse shark; Ref. 16). Type IV V-NARs have only 2 canonical Ig
domain cysteine residues (positions 22 and 83 in E06) com-
pared with 6 cysteines in type I and 4 cysteines in type II.

Humanization Strategy for Type I and Type [V V-NARs—We
first thought to humanize a type I V-NAR, 5A7. The humaniza-
tion was done by resurfacing whereby multiple solvent-exposed
and core framework residues of 5A7 were replaced by human
residues from structurally related Ig domains. The selection
was guided by structural superpositions of the closest human
variable domains with the shark framework followed by mod-
eling analysis of the humanized variants. Structures of human
variable domains used for this study were found in the Protein
Data Bank (codes 1DEE, 1DNO, 1E6]J, and 2FB]J). Besides struc-
tural homology, one of the most important considerations was
to preserve the favorable physicochemical properties of a shark
V-NAR, i.e. solubility as a single domain, stability, and binding
capability. For this reason, we considered the human antibody
DP-47 germ line framework, a member of the variable heavy
chain subgroup 3 (VH3), because this subgroup has been shown
to have higher biophysical stability than other human frame-
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DPK9

CDR 2

DIQMTQSPSSLSASVGDRVTITC. .RASQSISSYLNWYQQKPGK.APKLLIYAASSLQSGVPSRFSGSGSG. . TDFTLTISSLOQPEDFATYYC

5a7 ARVDQTPRSVTKETGESLTINCVLRDASYALGSTCWYRKKSGEGNEE . SISKG. « v v v ... GRYVETVNSGSKSFSLRINDLTVEDGGTYRC
5A7-IVabc ARVDQSPSSLSASVGDRVTITCVLRDAS YALGSTCWYQQKPGK . APK.SISKG: . ... ... GRYSESVNSGSKSFTLTISSLQPEDFATYYC
1 10 20 30 ! 50 60 70 80
E06 TRVDQTPRTATRETGESLTINCVLTDTSYPLYSTYWYRKNPGSSNKE.QISIS, ... .... GRYVESVNKGTKSFSLRIKDLTVADSATYIC
huE06 v1.1 TRVDQSPSSLSASVGDRVTITCVLTDTSYPLYSTYWYQQKPGSSNKE.QISIS . ... ... GRYSESVNKGTKSFTLTISSLQPEDFATYYC
huE06 v1.2 TRVDQSPSSLSASVGDRVTITCVLTDTSYPLYSTYWYQQKPGSSNKE . QISIS: . ... ... GRYSESVNSGSKSFTLTISSLQPEDFATYYC
huE06 v1.3 TRVDQSPSSLSASVGDRVTITCVLTDTSYPLYSTYWYQQKPGK.APK.QISIS, . .GRYSESVNSGSKSFTLTISSLQPEDFATYYC
huE06 vl1.4 DIQMTQSPSSLSASVGDRVTITCVLTDTSYPLYSTYWYQQKPGK.APK.QISIS. . .GRYSESVNSGSKSFTLTISSLQPEDFATYYC
huE06 v1.5 TRVDQSPSSLSASVGDRVTITCVLTDTSYPLYSTYWYQQKPGK . APKLQISIS . . .GRFSESGSG. . TDFTLTISSLQPEDFATYYC
huE06 v1.7 TRVDQSPSSLSASVGDRVTITCVLTDTSYPLYSTYWYQQKPGK.APK.QISIS, . ... ... GRYSESVNKGTKSFTLTISSLQPEDFATYYC
huE06 v1.10  TRVDQSPSSLSASVGDRVTITCVLTDTSYPLYSTYWYRKNPGSSNKE.QISIS:....... GRYSESVNKGTKSFTLTISSLQPEDFATYYC
Fw1 CDR1 Fw2 HV2 FW3a Hv4 FW3b
DPK9/JKL  ........... QQSYSAPRTFGQGTKVEIK
57 GLGVAGGYCDYALCSSRYAECGDGTAVTVN
5A7-IVabc GLGVAGGYCDYALCSSRYAECGQGTKVEIK
EI)O 103
E06 RBros vams 5o MGTNIWTGDGAGTVLTVN
huE06 (all) RA.......... MGTNIWTGDGAGTKVEIK

CDR3 Fw4

FIGURE 1. Structural sequence alignment of V-NAR E06 and its humanized variants with human germ line Vk light chain DPK9/Jk1, shark V-NAR 5A7,
and a humanized 5A7 variant, 5A7-IVabc. DPK9 framework residues and residues in V-NARs identical to DPK9 are shown in green. Mutations in EO6 HV4 are

shown in blue. The residue numbering refers to the E06 sequence.

works (35). However, when humanized versions of 5A7 based
on DP-47 were generated, the constructs had significantly com-
promised binding affinities and were not pursued further (data
not shown). Thus, we selected the human antibody DPK9 germ
line framework, a member of the variable k subgroup 1 (Vk1),
that was more structurally similar to 5A7 when compared with
many other human Ig variable domain sequences. The Vk1
subgroup is also one of the most stable and well expressed
human frameworks in IgG and scFv formats (35).

As shown in Fig. 1, the following structural elements were
replaced in 5A7: FW1 (residues 6 -21), FW2/part of HV2 (res-
idues 38-47), FW3b (residues 67-82), and FW4 (residues
106-113). All 6 cysteine residues of the type I V-NAR scaffold
were retained. The resulting molecule, which we call 5A7-1V-
abc, had 60 of 86 (69.8%) non-CDR residues and 60 of 112
(53.6%) total residues identical to DPK9. Importantly, 5A7-1V-
abc protein showed an excellent expression profile in mamma-
lian cells with very little aggregation in either monomeric or
dimeric (with human Fc) format and full retention of binding
activity to HEL. The binding constant for monomeric V-NARs
to HEL as determined by Biacore was 13.6 nMm for parental 5A7
and 14.8 nM for humanized 5A7-IVabc (data not shown).

To further validate the humanization-by-resurfacing
approach taken with 5A7, we created a series of humanized
variants of EO6 using the 5A7-IVabc molecule as a guide (Fig. 1).
To make the humanized E06 variant 1.1 (huE06 v1.1), 30 resi-
dues of the 103 total residues in E06 were replaced with DPK9
residues. Specifically, the majority of the framework residues,
FW1 (residues 6 -21), FW2 (residues 38 —40), FW3b (residues
66 —82), and FW4 (residues 99 —103), of E06 were made identi-
cal to DPK9. The majority of these changes equate to those used
to make 5A7-IVabc. The regions left intact (shark) were the first
4 N-terminal residues, CDRI1 (residues 28 —33) and CDR3 (res-
idues 86 -94), HV2 (residues 43-52), and FW3a and HV4 (res-
idues 53-65). In the huE06 v1.1 molecule, 54 of 85 (63.5%)
non-CDR residues were identical to human DPKO.

To modify E06 further, mutations toward the 5A7-IVabc
sequence were introduced into the HV4 region of v1.1 (K61S
and T63S) to make huE06 v1.2. Further DPK9-like changes
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were made in the HV2 region (**SSNKE*” — **KAPK?*®) to
produce huE06 v1.7. These two sets of changes (in HV2 and
HV4) were combined to make huE06 v1.3. A derivative of v1.3,
which had its N terminus changed toward DPK9 (*TRVD* to
'DIQMT®), was made and named huE06 v1.4. We also
attempted to redesign E06 by shortening the FW3a/HV4
region; to do that, 5 shark residues were deleted, and 3 DPK9
residues were introduced in this region of the huE06 v1.3 mol-
ecule; in addition, a Y55F change was introduced. The resulting
molecule was named huE06 v1.5. Finally, huE06 v1.10 was
derived from v1.1 by restoring the **RKN™° shark sequence in
FW?2 from DPK9-like **QQK*’; the specific rationale for this
will be described below.

Functional Properties of Humanized E06 Variants—E06 and
its humanized variants were first expressed as human Fc
fusions. The expression levels of the humanized variants, such
as 1.1,1.2,1.3,1.5,and 1.7, were not dramatically different from
the parental EO6 molecule and were in the 10 —40 ug/ml range
when expressed transiently in COS-1 cells. However, when
purified on protein A, there were progressively more high
molecular weight species for humanized variants 1.1, 1.2, and
1.3 compared with parental E06 (data not shown). Therefore,
the dimeric forms of parental and humanized E06 were purified
further using size exclusion chromatography.

The binding of E06 and its humanized variants to HSA was
first analyzed by ELISA using purified hFc fusions. For direct
ELISA, plates were coated with human albumin, V-NAR-hFc
samples were added, and the human Fc tag was detected with
anti-hFc-HRP. For sandwich ELISA, V-NAR-hFc proteins were
captured on the plate at different concentrations using goat
anti-hFc, and bound HSA was detected using HRP-conjugated
anti-HSA polyclonal antibody.

As shown in Fig. 24, in direct ELISA, all humanized variants
tested apparently retained significant binding to human albu-
min compared with parental E06. However, the difference was
very obvious by sandwich ELISA where the bivalent binding
(avidity effect) is likely reduced. There, huEO6 v1.1, 1.7, 1.2, and
1.3 demonstrated progressively reduced binding to HSA (Fig.
2B), which correlated with the extent of changes introduced
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FIGURE 2. Albumin-binding ELISA with hFc-tagged E06 and its humanized variants 1.1, 1.2, 1.3, and 1.7. A, ELISA with HSA coated on the plate. B,

sandwich ELISA with E06-hFc captured on the plate and HSA in solution.

into their HV2 and HV4 regions (Fig. 1). In particular, substi-
tutions in HV4 region (K61S/T63S in v1.2 versus v1.1) caused a
more significant reduction in activity compared with humaniz-
ing changes in HV2 (e.g. v1.7 versus v1.1). huE06 v1.5 demon-
strated no binding to HSA when tested as conditioned medium
(data not shown) and thus was not evaluated as purified protein.
Based on these functional results, huE06 v1.1 was chosen as the
humanized variant for crystallographic studies.

Structure of E06 and huE06 vI1.1 in Complex with Human
Serum Albumin—E06 and E06 v1.1 were expressed as mono-
meric Hisg-tagged proteins and crystallized in complex with
HSA (see “Experimental Procedures” for details). The struc-
tures were determined to 3.0- and 2.3-A, respectively. The E06
structure contains two complexes in the crystallographic asym-
metric unit with a root mean squared deviation calculated with
Ca atoms between the two molecules of E06 of 0.157 A. Refer-
ences to the E06 structure in this study refer to molecule C.
huE06 v1.1 was crystallized in space group P3;21 (Number 152)
with one copy of the complex in the crystallographic asymmet-
ric unit. The root mean squared deviation calculated with Ca
atoms between E06 and huE06 v1.1 is 0.767 A. The electron
density for the V-NARs is good throughout, and the polypep-
tide chains are complete. All residues of huE06 v1.1 are present
in the final model except for the C-terminal residues missing
due to disorder, region 104—112. Regions of HSA that were
omitted in the model due to lack of electron density include
residues 1, 2, 79-85, 402, 403, 478, 479, and 493-585. The
classical Ig-like fold is seen in both V-NAR structures with a
short CDR3 and an internal disulfide bond between Cys>* and
Cys® with the absence of a CDR2 and the presence of an HV2
belt characteristic of V-NAR domains.

In contrast to the classical antigen-antibody recognition
mode, we found that the most extensive interactions with HSA
originate from the CDR3 residues and the framework residues
on E06 (Fig. 3, A and B, and Table 2). Antigen binding results in
a large buried surface area of 705A2, which is 12.5% of the total
surface area of E06. The structure of huE06 v1.1 in complex
with HSA (Fig. 3B) shows that the humanizing changes in the
V-NAR are at positions that are not directly involved in antigen
binding with the exception of residues 38 —40 (RKN in E06 and
QQK in huE06 v1.1), which were not expected to participate in

JUNE 14, 2013 +VOLUME 288-NUMBER 24

FIGURE 3.Ribbon diagrams of E06 and huE06 v1.1 in complexes with HSA.
E06 and huE06 v1.1 are shown in color,and HSA is in gray. V-NARs are colored
according to the following: residues with the original shark sequence are
shown in green, residues in which the original shark sequence are identical to
human germ line DPK9 are shown in cyan, and residues that have been
mutated from the original shark sequence to correspond to DPK9 are colored
in pink. A, the structure of the E06-HSA complex. B, A closer view of the huE06
v1.1 structure bound to HSA with HSA shown as a surface representation.

antigen recognition. However, as is clear from the binding
assays, a number of additional humanizing changes present in
other huE06 variants may affect antigen binding indirectly as
detailed below.

JOURNAL OF BIOLOGICAL CHEMISTRY 17413



Antigen Recognition by a Humanized Shark V-NAR

In addition to the direct interactions at the interface of E06
and HSA in the complex structure, a number of residues appear
to influence antigen binding through a set of second tier inter-
actions as seen through analysis of variants of humanization
with corresponding binding data and the complex structures.
At the N terminus of E06, a network of hydrogen bonds is seen
on the solvent-exposed side of the -sheet including residues
Thr', Arg? and Asp* (Fig. 44). This network likely contributes
to the stability of this region. Val® is buried in a hydrophobic
pocket where it has contacts with Phe®® and Ala® as well as
Trp®" and other residues in CDR3 with little room for even a
larger hydrophobic amino acid (e.g Met). Disruption of either

TABLE 2
E06 residues within 5.0 A of HSA

Tyr-32, Tyr-35, Tyr-37, Lys-39, Ser-44, Asn-45,Lys-46, GIn-48, Arg-84,
Met-86, Gly-87, Thr-88, Asn-89, Ile-90, Trp-91, Thr-92, Gly-93, Asp-94

A

of these sets of interactions would disrupt the packing at this
end of the V-NAR and likely result in a loss of stability and may
impact the presentation of the directly neighboring CDR3.

Similarly, residues in the HV2 region form a network of
hydrogen bonds that orient residues Ser**, Asn**, and Lys*® for
interaction with HSA (Fig. 4B). Also, Arg®® and Asn®° form an
H-bond, which may help set up Lys® for its interaction with
HSA. Disruption of this network would impact the positions of
these residues and adversely affect antigen binding.

In the HV4 region, Lys®" forms a hydrogen bond with the
main chain of Tyr*?, a key CDR1 residue at the interface with
HSA. Thr®, through its contacts with Asn®® and possibly Ser®”,
contributes to a bend in HV4 loop, which positions Lys®! cor-
rectly for interaction with Tyr®* (Fig. 4C). Based on our obser-
vation that mutations at these residues are unfavorable for
binding, it is possible that together these residues help position
Tyr?? for interaction with HSA.

C

FIGURE 4. A, side chain interactions at the N terminus of huE06 v1.1 include a network of hydrogen bonds as well as hydrophobic interactions. Together these
interactions may contribute to the presentation of the neighboring CDR3 and to the overall stability of the V-NAR. B, in the parental E06 shark sequence, the
HV2 region features a network of hydrogen bonds that position Lys*?, Ser**, and Lys*® for interaction with HSA. Disruption of these networks would negatively
impact antigen binding. C, the HV4 region may influence the positioning of Tyr*?, which is directly involved in HSA binding.
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FIGURE 5. N-terminal mutants of E06 and their activity. A, sequences of N-terminal mutants of E06. DPK9-specific residues are underlined. B, direct ELISA on

HSA with E06-hFc fusion proteins.

Albumin Binding by N-terminal Mutants of EO6—The 5A7
molecule can tolerate well certain amino acid substitutions in
the N terminus (21), but its activity drops significantly upon
extension of the N terminus, e.g. in tandem constructs.* Simi-
larly, little or no antigen binding of C-terminal V-NAR in a
tandem construct was observed by Simmons et al. (36). The N
terminus of E06 as described above is in relative proximity to
the CDRs and their antigen-binding sites and contains a net-
work of intramolecular interactions. For this reason, we largely
avoided humanization of the N terminus of E06 with the excep-
tion of v1.4 that had N-terminal residues from DPK9 in addi-
tion to other humanization changes equivalent to huE06 v1.3.
To further probe the role of N-terminal residues of E06 in
maintaining antigen binding, we generated a series of mutants
of the parental E06 molecule (Fig. 54). In particular, residues
2—4 (GIn-Met-Thr) were introduced from DPK9 combined
with Thr (shark) or Ile (human) in position 1. In other variants,
DPK9-like single amino acid (Asp) extension of the N terminus
was introduced followed by either Thr or Ile.

None of the tested N-terminal variants showed a significant
difference in expression levels compared with the parental E06
(data not shown). However, most of them have strongly
reduced binding to human albumin in direct ELISA, especially
the variants with a 1-amino acid extension of the N terminus
(Fig. 5B). This result is fully consistent with the structural anal-
ysis outlined above. huE06 v1.4 showed no HSA binding, which
was likely a combination effect of changes in the N terminus,
HV2, and HV4. These and other data indicate that the first
position in IgNAREs is relatively tolerant to changes, but subse-
quent positions and the overall length of the N terminus are
quite important.

Humanized E06 Molecule That Retains All HSA Contact Sites—
The structures of E06 and huE06 v1.1 in complex with HSA
reveal that the only HSA contact residue lost in huE06 v1.1 is
Lys®®. This residue is part of the **RKN*° sequence in E06 that
is replaced with QQN sequence from DPK9 in huE06 v1.1 (Figs.
1 and 3). This finding prompted us to generate another human-
ized variant of E06, v1.10, with *®RKN*° sequence restored; oth-

40.V. Kovalenko and L. Tchistiakova, unpublished data.
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erwise, it is identical to huE06 v1.1 (Figs. 1 and 6A4). When the
HSA binding activity of huE06 v1.10-hFc was measured by
ELISA, it showed an improvement over huE06 1.1, although it
was still weaker than the parental E06 (Fig. 6, B and C). Neither
parental E06 nor its humanized variants showed any apprecia-
ble binding to BSA in direct ELISA format (Fig. 6C).

To assess the kinetic parameters of binding of E06, huE06
v1.1, and huE06 v1.10 to serum albumins, the monomeric
(His¢-tagged) V-NARs were tested in Biacore experiments. As
shown in Fig. 7A and Table 3, the binding of huE06 v1.10 to
mammalian serum albumins was reduced ~25-35-fold at pH
7.4 compared with parental E06, whereas binding of v1.1 was
reduced up to ~85-fold. Parental EO6 showed robust, generally
subnanomolar binding to the albumins. The range of albumin
affinities for both parental E06 and huE06 was human >
mouse > rat (K, values of 0.19, 0.83, and 1.45 nw, respectively,
for parental E06).

At pH 6.0, the binding followed the same trend of species
preferences and relative affinities between parental E06 and its
humanized variants (Fig. 7B and Table 3). However, the
humanized variants demonstrated lesser differences from
parental E06 at this pH (~10-fold drop in affinity for v1.10 and
~30-fold drop for v1.1 compared with parental E06).

Structural Analysis of Residues That May Influence Species
Specificity of Albumin Binding by EO6—In anticipation of the
use of EO6 or a humanized variant in future in vivo studies (such
as described by Miiller et al. in Ref. 33), a thorough understand-
ing of the species specific differences in the E06-albumin inter-
action is of interest and could contribute to the comparison of
studies in different models. As described above, a Biacore study
of the binding kinetics of E06 and humanized E06 v1.1 and
v1.10 to HSA, mouse serum albumin, and rat serum albumin
showed measurable differences in their K, values (Table 3).
Our analysis of the structural basis of the varying affinity of EO6
for human, mouse, rat, or bovine serum albumin found that
species-specific differences in affinity can be attributed to a very
small number of albumin residues (Fig. 84). In particular,
Ser?®?, Asp>®®, and Ser””° appear to drive the higher affinity of
E06 to human versus rat or mouse serum albumin. The side
chain atoms of Ser**? are surrounded by close contacts, leaving
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little room to accommodate the extra methyl group of Thr (Fig.
8B). Asp>®® may interact with E06, whereas an Ala in this posi-
tion would not. The corresponding side chain for interaction in
E06 is disordered in the x-ray structures. Ser>”° participates in
H,O-mediated contacts with E06 and possibly provides a direct
H-bond as well. A Thr in this position would likely be less favor-
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C, direct ELISA with purified monomeric E06 and huE06 on human and bovine
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able as either contact to E06 would be lost or the additional
methyl would be solvent-exposed.

In addition to the contributions of residues 232, 269, and 270,
Val**® and Ala®*® are likely to contribute to the lower affinity of
E06 specifically to bovine serum albumin. Ala>*° of human
albumin occupies a small pocket on the surface of E06. There
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TABLE 3
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Kinetic parameters of human, mouse, and rat albumin binding by E06 and its humanized variants at pH 7.4 and pH 6.0

n/a, not applicable.

V-NAR Albumin pH k, k, K, -Fold change from E06
I/ms 1/s nm
E06 3.48¢+06 6.55¢—04 0.19 n/a
huE06 v1.1 Human 7.4 8.72e+05 1.40e—02 16.0 84.9
huE06 v1.10 5.59¢+05 3.57e—03 6.4 339
E06 2.18e+06 1.80e—03 0.83 n/a
huE06 v1.1 Mouse 7.4 8.41e+05 4.14e—02 49.2 59.4
huE06 v1.10 4.12e+05 9.59¢—03 23.2 28.1
E06 2.21e+06 3.20e—03 1.45 n/a
huE06 v1.1 Rat 7.4 4.36e+05 3.29¢—02 75.3 52.0
huE06 v1.10 4.49¢+05 1.65e—02 36.8 25.4
E06 1.12¢+07 1.59¢e—03 0.14 n/a
huE06 v1.1 Human 6.0 3.62e+06 1.84e—02 5.07 35.6
huE06 v1.10 3.52e+06 6.37¢—03 1.81 12.7
E06 9.85¢+06 3.23e—03 0.33 n/a
huE06 v1.1 Mouse 6.0 3.43e+06 3.18e—02 9.38 28.3
huE06 v1.10 3.14e+06 1.25e—02 3.98 12.2
A
Serum albumin residues within 4A of E06
with species specific differences:
AA#: 229 232 266 269 270 325
Human A S E D S A%
Mouse A T E A T A%
Rat A T E A i v
Cow v T D D i A

does not appear to be enough space to accommodate Val at this
position without steric hindrance (Fig. 8B). Val*** of human
albumin fills a hydrophobic pocket on the surface of E06; Ala
would be less effective, likely resulting in decreased affinity.

DISCUSSION

Shark IgNARs demonstrate a surprising ability for specific
and high affinity binding to diverse antigens by using just two
variable domains per molecule, each carrying only two CDRs.
The structural basis for this property is a result of additional
recombination events in the IgNAR V-D-J cluster and the
introduction of junctional diversity, which results in significant
heterogeneity of CDR3 sequences. The varying length of CDR3
and the unique positioning of non-canonical cysteine residues
in several structural types of V-NARs all help create a remark-
able structural plasticity for antigen binding.

Although CDR1 and CDR3 are considered the two major
determinants for antigen binding by V-NAR domains, other
regions, such as HV2 and HV4, show an increased frequency of
somatic mutations, indicating their potential involvement in
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N

FIGURE 8. Structural determinants of species specificity of E06-albumin binding. A, E06-proximal residues that differ among human, mouse, rat, and
bovine albumins. B, ribbon diagram with side chain sticks of HSA depicting residues that likely confer species specificity. The corresponding binding area of EO6
is shown as a surface representation. AA, amino acid.

antigen recognition. However, such an involvement has not
been demonstrated previously for shark single domains. In this
study, we solved the crystal structure of a type IV V-NAR com-
plexed with its target and demonstrated the remarkable role of
V-NAR framework residues in antigen recognition. This struc-
ture provides an example of antigen recognition using essen-
tially one single CDR, which is remarkable when viewed in con-
trast to the six CDRs available for antigen binding for classical
antibodies. This is made possible by the extensive use of frame-
work residues for antigen recognition. A significant fraction of
those framework interactions come from the HV2 region, cor-
responding to the observation of increased frequency of
somatic mutation. To achieve these contacts, antigen binding is
sideways with respect to the antibody framework and the face
typically contacting antigen. Although previously described in
camelids (VHH in complex with pancreatic a-amylase; Protein
Data Bank codes 1IKXV and 1KXT; Ref. 14), our structures are
the first example of such binding for V-NAR domains. Interest-
ingly, in both cases, CDR1 essentially does not participate in the
antigen binding interface, and the same alternative face of the
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antibody domain makes up the rest of the antigen recognition
surface. This alternative face is the same face as would be buried
in the dimerization interface of a conventional antibody. Thus,
it would seem that the sideways binding phenomenon may be
exclusive to single domain antibodies as the side that provides
the necessary framework residues is normally buried and not
available for antigen recognition. Furthermore, this face of an Ig
domain seems to be primed for protein-protein interaction
despite the absence of the hydrophobic patch present in con-
ventional antibodies that drives complex formation between
heavy and light chains. It remains to be seen whether this bind-
ing mode is a more universal phenomenon for type IV V-NARs
or an antigen-specific case. A strikingly similar mode of binding
is seen in the interaction between the fibronectin type III
domain (Fn3 monobody) and estrogen receptor « (Protein Data
Bank 20CF) that features the binding of an a-helical structure
(estrogen receptor «) by a surface of B-sheets and loops corre-
sponding to CDR3 and HV2 (37).

The other key aspect of our study is the design of a human-
ized version of shark V-NAR domain. Such an approach
becomes possible due to a high degree of structural homology
between V-NAR and Ig VL framework regions despite a low
degree of sequence identity. We have demonstrated that
replacement of most framework elements in V-NAR with those
shared with a human VL scaffold can result in a functional
humanized V-NAR molecule with >50% overall human con-
tent. As expected, changes in the regions specific to V-NARs
(suchas HV2 and HV4) result in partial loss of activity. We have
provided a structural explanation for the importance of these
regions in maintaining overall V-NAR structures. Humanized
E06 can serve as a universal scaffold for humanization of other
V-NAR binders provided that key elements involved in antigen
recognition and V-NAR stability are identified and preserved in
humanized molecules.
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