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ABSTRACT: The variable domain of dromedary immunoglobulins comprises only the heavy chain and is
missing the light-chain variable domain. This single domain is sufficient for antigen recognition and
bindingshalf that required by other mammals. Human antibody-VHs have previously been camelized to
be soluble stable fragments that retain antigen binding. Such engineered VHH are of interest in drug
development, since they are nonimmunogenic, and in other biotechnology applications. We present the
structure of a camelized human antibody fragment (cVH), which is a competitive and reversible inhibitor
of the NS3 serine protease of the hepatitis C virus (HCV). In solution, this cVH undergoes a concentration-
dependent monomer-dimer equilibrium. The structure confirms the minimum mutational requirements
of the VL-binding face. The fragment also suggests a means by which the observed dimerization occurs,
highlighting the importance of the composition of the CDR3 in maintaining a truly camelized VH.

Protein engineers can tailor proteins to bind chosen
macromolecular ligands using combinatorial methods (mak-
ing a library of variants), in particular, displaying proteins
on the surface of phage. A successful strategy in designing
a protein with affinity for a new target starts with choosing
a small, stable, single domain protein that is easily expressed
in Escherichia coli. This is followed by randomization of a
patch of exposed (surface) residues, display of the resultant
library on the surface of phage, and affinity-selection of this
library against the target. This technique has selected variants
typically with micromolar dissociation constants. This patch
can be from any secondary structural element: examples
include randomization of residues on a surface formed by a
pair of R-helices in protein A (1, 2); a â-sheet in knottins
(3); and exposed loops in Tendamistat (4), the Minibody (5)
(â-sheet proteins), and chytochromeb562 (a 4-helix bundle)
(6). In the case of a protein A variant that was selected for
binding toTaqDNA polymerase, further rounds of affinity
maturation improved the binding by 2 orders of magnitude
(1). Selection of variants from the same scaffold against
different targets has shown that ligands cannot always be
found (however, experimental considerations such as library
size and stringency of selection conditions, as well as the
suitability of the starting scaffold, may contribute to this)
(3). These exercises test the boundaries of protein design
and lay the foundations for a future in which we will be

able to readily design proteins in vitro that meet the needs
of industry and medicine.

Nature uses a parallel strategy when launching an immune
response by randomization of the hypervariable loops in the
variable domain of both the heavy and the light chain of
antibodies. This allows binding with high specificity and low
dissociation constants to virtually any antigen presented to
them. Each Ig1 V domain comprises twoâ-sheets packed at
an angle on top of each other to form a sandwich, with the
hypervariable loops at one end. Five of these loops, H1/L1,
H2/L2, and L3, take one of the canonical structures defined
by specific loop and framework interactions (7, 8). No
canonical structures have been identified for the sixth loop,
H3, which can vary considerably in length and conformation;
however, some general rules have been suggested (9).

A range of antibody fragments that effectively bind target
molecules has been successfully designed (10-12); these are
important clinically due to faster biodistribution and clearance
of smaller proteins. The design of these fragments varies,
but all have one thing in commonsthe presence of both VH
and VL domains since studies on isolated variable domains
of murine antibodies showed reduced binding as compared
with the heterodimer and with propensity to aggregation (13).

The discovery that the immune response of dromedaries
is mediated through only heavy-chain antibody units there-
fore opened an exciting avenue in immunoglobulin research
(14). This discovery raised important questions regarding the
minimal molecular requirements for raising an effective
immune response and for mimicking this response in vitro
(15).
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Sequence comparisons identified key residues in VH on
the VL-binding face (16). A camelized human VH (cVH),
in which these residues were mutated, was found to be a
folded and soluble monomer in the absence of its VL
counterpart (17). Riechmann made a display library in which
the hypervariable region CDR3 of the cVH was randomized.
Variants with the desired properties could then be selected
and amplified in cycles of affinity-selection. After several
such rounds, variants with the best properties remain. These
may be sufficient for the chosen purpose or may be subjected
to further rounds of randomization and selection, thus
improving their initial characteristics, a process of affinity
maturation in vitro (18-20).

A few years ago, we used a library of∼108 cVH variants
in which the CDR3 loop was randomized in length and
sequence (17) to select variants that could inhibit the hepatitis
C virus NS3 serine protease. We identified cVH-E2 to be a
competitive and reversible inhibitor (Ki of 150 nM) of NS3
(21), making it a suitable target for drug discovery. The HCV
NS3 serine protease is a crucial component in replication of
the hepatitis C virus, necessary for cleavage of the viral
polyprotein downstream of itself. Structural studies of the
HCV NS3 serine protease revealed an unusually flat active
site; thus, the search for small molecule competitive inhibitors
has proved difficult. It was reasoned that a larger inhibitor
binding surface may provide clues for designing active
compounds (22).

This paper presents the crystal structure of cVH-E2.
Comparisons of the structure are made with other know VH
domain structures, and we propose a means by which
protease inhibition and dimerization occurs.

MATERIALS AND METHODS

Construction of the pUC-based vector containing the cVH-
E2 antibody fragment has been described previously (21).

Expression and Purification of cVH-E2.The cVH-E2
domain was expressed as a seleno-methionine derivative at
23 °C in the E. coli strain B834 and secreted into the
periplasm to allow disulfide bond formation.

Bacterial cultures were grown at 37°C in rich 2TY
medium, containing ampicillin (50 mg/L) and 1% glucose.
When the OD600 reached 0.8 cm-1, cells were harvested by
centrifugation, and the cell pellet was washed in PBS. The
bacterial pellet was resuspended in minimal media containing
ampicillin (50 mg/L) enriched with biotin (1 mg/L), thiamine
(2.4 mg/L), and FeSO4/H2O (4.8 mg/L). The cells were
returned to 37°C, and protein expression was induced with
0.4 mM IPTG in the presence of SIGMAD/L seleno-
methionine (50 mg/L). Five hours after induction, the cells
were harvested. Protein extraction and purification proceeded
as described previously (21).

Protein purity was checked by nonreducing SDS-15%
PAGE. Protein concentrations were determined as described
by Gill and von Hippel (23). Typically, 2 mg of pure protein
is obtained per liter ofE. coliculture. Incorporation of seleno-
methionine and the exact molecular weight (15 770 Da) were
confirmed by mass spectrometry experiments.

Crystallization and Data Collection.Crystallization screens
were carried out using the hanging-drop vapor diffusion
technique. Small crystals initially grew from 4µL hanging
drops formed by mixing 2µL of protein at a concentration

of 5 mg/mL with 2µL of reservoir solution containing 15-
20% (w/v) PEG 8000, 0.4 M (NH4)2SO4, and 0.1 M HEPES,
pH 7.5. Seeding of these initial crystals led to long needlelike
diffraction quality crystals with typical dimensions of ap-
proximately 50 × 50 × 200 µm3. The crystals show
hexagonal symmetry. The unit cell dimensions area ) b )
75.3 Å, c ) 101.78 Å,R ) â ) 90°, and γ )120°. For
X-ray diffraction data collection, crystals were mounted in
a nylon loop, transferred to a stabilizing buffer containing
40% PEG 8000 as cryoprotectant, and flash frozen in liquid
nitrogen. Data were collected using synchrotron radiation
from beamline ID14-EH2 at the European Synchrotron
Radiation Facility, with an ADSC Quantum-4R CCD detec-
tor. All data were reduced using the HKL2000 suite (24). A
summary of the data collection statistics is shown in
Table 1.

Structure Solution and Refinement.The structure of the
VH domain was determined by molecular replacement using
AMoRE(25). The search model used was the heavy-chain
variable domain from Lama Glama (PDB accession code
1HCV), which has a sequence identity of 69%. Calculation
of the translation function in the two enantiomorphic space
group settings allowed the unambiguous assignment of the
space group asP3221. The initial molecular replacement
phases were improved using the MOLREP option in ARP/
wARP (26). Refinement of the model was carried out with

Table 1: Crystallographic Data Collection and Refinement Statistics

unit cell parameters (Å) a ) b ) 75.30,c ) 101.78,
R ) â ) 90°, γ ) 120°

resolution range (Å) 25.2-1.8
no. of reflections measured 69437
no. of unique reflections 29910
completeness (%) 94.9 (71.5)a

Rmerge(%)b 5.1 (22.7)
{〈I〉}/{〈σI〉} 17.2 (1.5)
Bwilson (Å2) 17.34
R-factor (%)c 15.58
freeR-factor (%)d 18.02
no. of protein atoms 1818
no. of solvent atoms 388
rms deviations from ideal geometry

bond distance (1-2) (Å) 0.017
angle distance (1-3) 0.038
planar distance (1-4) 0.044
chiral volumes (Å3) 0.096
planar torsion angles (deg) 6.3
deviations from planarity
(peptides) (Å)

0.03

deviations from planarity
(aromatics) (Å)

0.01

meanB-factors (Å2)
all atoms 23.69
protein atoms 20.34
glycerol (2) 41.77
sulfate ions 49.14
water molecules 37.71

Ramachandran plot statistics
residues in most
favored regions (%)

93.6

residues in additional
allowed regions (%)

6.4

residues in
disallowed regions (%)

0.01

a Values in parentheses are for the highest resolution shell (1.84-
1.80 Å). b Rmerge) ∑hkl∑i)1

N |〈Ihkl 〉 - I i
hkl|/∑hkl∑i)1

N I i
hkl. c R) 100∑h|Fo

- Fc|/∑h|Fo|. d FreeR-factor is calculated from 5% of the data that
was omitted during course of the refinement.
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the program REFMAC (27) within the CCP4 suite (28) using
the restrained maximum likelihood method with a bulk
solvent correction and overall anisotropic scaling. Water
molecules were located automatically with the program ARP
(29). Difference electron density maps with coefficients
2m|Fo| - D|Fc| andm|Fo| - D|Fc| (output weights generated
from REFMAC) were used to guide manual fitting of the
models in the program O (30). During model building and
refinement, 5% of the data was flagged for cross-validation
to monitor the progress of refinement (31). In the final stages
of the refinement, all data were included. Details of the
refinement statistics are shown in Table 1.

RESULTS

Quality of the cVH-E2 Model and Description of the
Structure.The refined model for cVH-E2 consists of 121
residues and 399 water molecules giving anR-factor of
15.6% for all data between 30 and 1.8 Å resolution and an
Rfree of 18.0%. The quality of the final model can be assessed
from the refinement statistics presented in Table 1. Thr20 is
located in a disallowed region of the Ramachandran plot
(φ ) -75°, Ψ) 95°) (32) but is located in well-defined
density. A representative view of the electron density is
shown in Figure 1.

The overall shape of the molecule is displayed as a ribbon
diagram in Figure 2. The architecture of the cVH-E2 is the
well-known immunoglobulin V domain fold composed of a
sandwich of twoâ-sheets with five inner and four outer
strands (7). The nomenclature used for describing the
structure is the Kabat numbering: residues 3-12 (strand A),
17-25 (strand B), 32-40 (strand C), 44-52 (strand C′), 56-
60 (strand C′′), 66-73 (strand D), 76-82b (strand E), 87-
96 (strand F), and 102-112 (strand G).

cVH-E2 is a dimer in the crystal (Figure 2), and the
structure presents a novel subunit arrangement that, we
believe, has not been previously observed for Ig V domains.
Dimerization occurs in solution at protein concentrations>7
mg mL-1 as demonstrated by analytical ultracentrifugation
and dynamic light scattering data (not shown).

Comparison of cVH-E2, VH-P8, and FV-POT.To detect
features characteristic of the affinity-selected cVH-E2, the
crystal structure was compared to the NMR structure of the
parent molecule VH-P8 (33) (PDB code 1VHP) and to the
VH domain of the human FV-POT (34) (PDB code 1IGM)
since this provides a good model of VH-VL associated

domains with highest sequence identity to cVH-E2. The FV-
POT and the camelized VH-P8 originate from the same
human VH (subgroup III). VH-P8 and cVH-E2 share a 93%
sequence homology as compared with a value of 74% for
cVH-E2 and VH-POT (Figure 3a).

The overall folds of cVH-E2, VH-POT, and VH-P8 are
essentially the same. The rms deviation for the superposition
of cVH-E2 with VH-P8 is 2.11 Å and with VH-POT is 0.62
Å (88 and 114 CR atoms, respectively, with a deviation of
less than 3.5 Å, included in the alignment). The aligned
â-sheets are virtually identical, showing that the selected
loop, despite its unusual proline-rich content, has not induced
any significant change in the framework structure.

The most notable difference in the cVH-E2 crystal
structure when compared with other Ig V domains lies in
the arrangement of the dimer, in which the subunits of the
homodimer are packed in a head to tail fashion (Figure 2).
The antigen binding loops of cVH-E2 are displayed in an
antiparallel fashion that is contrary to the arrangement of
the VL-VH heterodimer in an FV fragment in which both
variable domains point in the same direction. Instead, the
arrangement corresponds to a quasi-heterodimeric FV struc-
ture in which one of the two domains has been rotated 180°

FIGURE 1: Stereo diagram of the 2Fo - Fc electron density map of CDR3. Residues 95-99d of the CDR3 are shown. The map is contoured
at 1σ. Drawn with BOBSCRIPT and rendered using Raster3D (54).

FIGURE 2: Ribbon diagram of the cVH-E2 dimer. Loops that
contain all or part of CDR1, 2, and 3 are red, blue, and green,
respectively. Camelizing mutations found on the former VL-binding
face are shown in ball-and-stick. Theâ-strands are labeled according
to the Kabat nomenclature. Drawn with PyMOL (55).
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with respect to the other so that none of the three CDRs
participates in interdomain contacts. The hydrogen
bonds stabilizing the new VH-VH interface are discussed
next.

Former VL Interface.The VL-binding face is usually
formed by theâ-strands F and G, including part of the CDR3
loop, andâ-strands C and C′. In cVH-E2, this face contains
the camelizing amino acid substitutions Val37f Phe, Gly44
f Glu, Leu45f Arg, and Trp47f Ile (35, 36) (Figure 2).
The residues Phe37, Glu44, Arg45, and Gly47 are those
typically found in camelid VHH domains. However, Riech-
mann found that the mutation Gly47f Ile resulted in a more
stable monomer with better expression (37). The sum of these
camelizing mutations render the single cVH domain less
sticky than native VH domains deprived of their VL.

Although all but one (Val37f Phe) of these camelizing
mutations is identical in VH-P8 and cVH-E2, their adopted

conformations vary considerably (Figure 3b). In cVH-E2,
these residues bear greater similarity to the noncamelized
interface of VH-POT (Figure 3c). In cVH-E2, the conforma-
tion of these residues is explained by a series of packing
interactions. The positively charged guanidinium group of
Arg45 is sandwiched between theπ-electron clouds of Tyr95
and Trp103. Ile47, Phe37, and the edge of Trp103 pack
together in a hydrophobic interaction. The stacking of Trp103
with Phe37 is observed in all camelid VHH solved to date
(38-42).

The latter interaction is not observed in VH-P8. Instead,
a backbone rearrangement to bury the hydrophobic residues
Trp103 and Val37 means that these side chains are no longer
available for the above packing interactions. This rearrange-
ment causes a bulge inâ-strand G and a kink in strand C
(33). In cVH-E2, however,â-strands G and C are identical
to those of VH-POT.

FIGURE 3: (a) Sequence homology for cVH-E2, VH-P8, and VH-POT. Residues are numbered according to Kabat. Points indicate different
residues, and double points indicate different residues with the same polarity. The CDRs are boxed. The residues selected from the phage-
displayed library are highlighted in bold. Consensus camelizing mutations are highlighted in gray. (b) Stereoview of the side chains in the
camelized interface in a least squares superposition of the CR backbone of cVH-E2 (white) with (i) VH-P8 (black) and (ii) FV-POT
(black). Where a large shift in backbone position is observed, the two corresponding CR atoms are linked by a dashed line. Drawn with
BOBSCRIPT (54).
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HyperVariable Regions.The CDR1 and CDR2 loops of
cVH-E2 are largely homologous with those of FV-POT and
VH-P8 (Figure 3a). As expected, the structures are also
similar; however, there are some notable differences.

The first hypervariable region contains amino acids 27-
35, which form an exposed loop (H1) encompassing the less
variable residues 26-30. The exposed loop around CDR1
adopts a type I canonical structure according to Chothia et
al. (8, 43). This structure is determined by a sharp turn around
Gly26 and by the conformation of residues Ala24, Phe27,
Phe29, and Met34. In cVH-E2, this is more closely related
to the canonical CDR1 of VH-POT than the parent molecule
VH-P8. This is a direct consequence of the buried position
of Trp103 in VH-P8, discussed previously. In VH-P8, Trp103
packs against residues that determine the CDR1 structure,
namely, Phe27 and Met34, which in turn cause a new
orientation for the side chain of Phe29.

The CDR2 (amino acids between Kabat position 50 and
65) forms a type 3 canonical structure for the H2 region
between residues 52-56 (43). The backbone conformation
of Gly52a differs from the structure of the parent VH-P8, in
which it is projected toward amino acid 56. Instead, this
residue in cVH-E2 points in the opposite direction, as
observed in FV-POT.

The identification of canonical structures for the third
hypervariable domain of immunoglobulins is difficult con-
sidering the high variability in length and sequence. Fur-
thermore, randomisation in vitro, as carried out for cVH-
E2, may result in conformations not normally observed in
vivo. The CDR3 of cVH-E2 has very well-defined electron
density for both the main-chain and the side-chain atoms
(Figure 1). The H3 loop (Kabat residues 95-100) of cVH-
E2 presents a very different conformation to that of VH-P8
and FV-POT.

The high proline content of the affinity-selected loop and
several hydrogen bonds contribute to a rigid CDR3. Within
CDR3, two hydrogen bonds maintain the structure (Arg97
O-Arg100 N, Pro100a O-Phe100 N). In addition, at either
end of the CDR3, a main-chain-main-chain hydrogen bond
is made (Glu95 N-Ala33 O and Pro100b O-Asp101 N).
A side-chain-side-chain hydrogen bond is also formed
between Tyr32 (OH) and amine group of Arg101. Several
crystal contacts also stabilize the position of the affinity
selected loop, particularly the packing of residues Pro99 and
Pro99b with residues ofâ-strands C′ and C′′ of a neighboring
molecule. None of these contacts is direct hydrogen bonds.

VH-VH Interface (Dimerization Interface).The VH-VH
interface is formed by the secondary structural units encom-
passingâ-strands D and E and their connecting loop, the
hypervariable region H2, and the loop between strandsâ-A
andâ-B. The interface is highly charged (Figure 4). Points
of direct hydrogen bonding between the monomers occur at
the top and bottom of the interface. Stabilizing interactions
at the center of the interface occur through water-mediated
hydrogen bonds. A total of 29 water molecules are present
at the interface with 20 having solvent-accessible surface
areas of less than 10 Å2.

There are 10 direct hydrogen bonds between the mono-
mers, five at either end of the interface involving Ser17,
Gly55, Gly66, Arg72, Asp73, Asn74, Ser75, Gln82, and
Asn84 (Table 2). Of these, six are main-chain-side-chain
interactions, two are side-chain-side-chain, and two are

main-chain-main-chain interactions. The remainder of the
interface is stabilized by a large number of hydrogen bonds
involving water molecules. Twenty-five hydrogen bonds are
mediated by one water molecule, and four are mediated by
two water molecules.

DISCUSSION

We report the X-ray structure of a camelized, human,
heavy-chain variable domain that was affinity-selected from
a phage-displayed library in which the CDR3 was random-
ized. The cVH-E2 variant was selected for competitive
inhibition of the serine protease activity of HCV NS3 and
has an IC50 of 300 nM and a dissociation constant of 150
nM (21).

The framework structure is, as expected, identical to the
native immunoglobulin. The cVH fragment, however, adopts
a dimeric conformation not previously observed in human
or mouse heavy variable domains in solution. Heavy-chain
homodimers are formed in which the three hypervariable
regions of each VH domain protrude in opposite directions
toward the solvent. Unlike a typical immunoglobulin VH-
VL heterodimer, there are therefore no intermolecular
interactions made by the complementarity determining
regions.

Differences in the structure of cVH-E2 as compared with
the parent molecule, VH-P8, are located mainly at the former
VL-binding interface. The camelizing mutations here behave
differently from those reported in the NMR structure. The
Glu44 and Arg45 side chains in cVH-E2 are solvent exposed,
but Arg45 shows the same orientation as Leu45 of FV-POT,
and Glu44 is pointing toward the VL interface, mimicking
a VH-VL interface, as normally present in FV fragments.

FIGURE 4: Surface of the VL-binding face of (a) cVH-E2, (b) VH-
P8, and (c) VH-POT. The surfaces are colored according to
electrostatic potential using conventional colors of blue (basic), red
(acidic), and white (nonpolar). The potentials were calculated, and
the figures were drawn in MolMol (56).

Table 2: Hydrogen Bonds Made between the Crystallographic
CVH-E2 Dimera

dist. in
chain A

(Å)

angle in
chain A
(deg)

dist. in
chain B

(Å)

angle in
chain B
(deg)

inter-
action

17 Ser N 75 Ser OG 2.85 130.1 3.05 149.5 mc-sc
17 Ser OG 74 Asn N 3.15 131.9 3.30 105.1 sc-mc
55 Gly O 66 Gly O 3.34 143.7 3.26 93.6 mc--mc
72 Arg O 84 Asn OD1 2.97 108.6 3.01 143.7 mc-sc
73 Asp OD2 82 Gln NE2 3.25 155.7 3.24 91.0 sc-sc

a Distances and angles calculated in Contacts, CPP4 version 4.2.(28).

626 Biochemistry, Vol. 43, No. 3, 2004 Dottorini et al.



The in-out flipping of Val37 and Arg38, reported for VH-
P8, is not observed for cVH-E2. In VH-P8, this flipping
causes Val37 to be buried in the domain core and exposes
Arg38 to solvent, creating a more hydrophilic surface for
the VL-free domain. In FV-POT and other VL-associated
VH domains, the Val37 side chain is involved in the
formation of a hydrophobic pocket that accommodates the
side chain of the highly conserved amino acid VL-Phe98.
Sequence comparison shows, however, that Val37 is typically
mutated to phenylalanine or tyrosine in camelid antibodies
(44). In cVH-E2, the additional camelizing mutation Val37
f Phe is present. Surprisingly, this bulky hydrophobic side
chain is oriented toward the solvent, while its neighbor Arg38
is buried, as observed in FV-POT. This orientation is also
observed in all crystal structures of camelid VHH solved to
date (38-42, 45, 46). The mutation, in which Phe37 exposes
only the edge of its side chain to solvent, allows Trp103 to
reorient itself and pack against Phe37 so that its hydrophilic
NE nitrogen is also solvent exposed. Thus, when considered
together, the effect on accessible surface area is favorable.

These results confirm the hypothesis by Desmyter et al.
(38) in their report of the structure of a camelid VHH in
complex with lysozyme. They compared the NMR structure
of VH-P8 with their camel antibody and suggested that the
mutation of Val37f Phe in VH-P8 may undo the observed
in-out flipping and return these residues to their conven-
tional orientation.

Therefore, in addition to the mutations Gly44f Glu,
Leu45f Arg, and Tyr47f Ile/Gly, mutation of residue 37
to Phe (and possibly also Tyr) is necessary to maintain true
structural integrity of the camelized domain.

cVH Homodimer.Previous gel filtration analysis has
shown that cVH-E2 migrates as an apparent dimer in solution
(47). In light of the crystallographic results, dynamic light
scattering and analytical ultra-centrifugation experiments
were performed to ascertain the extent of dimerization in
solution. The results of these experiments (not shown) show
that at concentrations below 7 mg mL-1 (the concentration
at which crystallization occurs), the protein is a monomer.
At considerably higher protein concentrations of more than
20 mg mL-1, the sample behaves as a monodisperse dimer
and reveals that a concentration-dependent dimerization
occurs in the low millimolar range.

The total ASA buried in the observed homodimer is 1405
Å2, 707 Å2 from molecule A and 698 Å2 from molecule B.
This monomer-monomer interface buries considerably more
ASA than other interfaces formed by crystal contacts of the
asymmetric unit. (The next largest interface buries 270 Å2

less ASA.) These values are within the range found to be
commonly observed at protein-protein interfaces in which
association involves only small changes of conformation (48).
In addition, the number of hydrogen bonds (both direct and
water-mediated) lies within the values found for protein
complexes (49). The percentage of polar surface area buried
at the interface (determined on a side-chain basis) is
unusually high; polar residues contribute 82% to the total
buried ASA. For an average interface, the nonpolar character
is generally similar to that of a normal protein surface (48);
however, a higher percentage of polar character is frequently
observed at antibody-antigen complexes (49). For interfaces
with a high percentage of buried polar residues, water
molecules are generally found distributed throughout the

interface (49), and this is in agreement with the cVH-E2
homodimer.

cVH-E2 was affinity selected from a library of camelized
VH molecules in which the CDR3 is randomized. Of those
molecules with the desired binding characteristics, cVH-E2
is the only variant for which dimerization in solution is
observed. This implies, however, that dimerization is a
consequence of the selected CDR3 loop. In the crystal-
lographic dimer, the CDR3 loops do not interact but are at
opposite sides of the molecule from the dimer interface. This
may suggest that the crystallographic dimer is a result of
crystal packing rather than a reflection of the dimer observed
in solution. Crystal contacts generated by 2-fold symmetry,
as observed for cVH-E2, can bury between 1500 and 2500
Å2 (50), which is similar to that observed here (but this range
is similar for true recognition sites between proteins). The
results raised the possibility that the dimer interaction
observed in solution could be mediated by the camelized
interface in a pseudo-VH-VL interaction. Using the VH-VL
dimer of FV-POT as a template, we modeled a classical VH-
VL dimer by least-squares fitting two cVH-E2 monomers
on VH- and VL-POT.

As described earlier, the main difference between the
backbone of the cVH-E2 and the VH-POT lies in the
conformation of the CDR3; therefore, one might anticipate
that any structural clashes in our modeled VH-VL dimer
would occur here. Surprisingly, the backbones of the affinity
selected CDR3s pack perfectly together. Furthermore, the
principal residues from VL-POT that contribute to the VH-
VL interface (Gln38, Gly42, Ala43, Leu46, and Tyr49) (34)
lie in the same orientation as the equivalent residues in the
pseudo-VL component in our modeled cVH-E2 dimer
(Gln39, Lys43, Ile47, and Tyr59).

However, examination of side-chain positions shows that
there are structural clashes between the two molecules in
our modeled classical dimer (25 distances less that 2.6 Å
belonging to three residues fromâ-strands C and C′ and six
residues fromâ-strands F, G, and CDR3).

Recently, the solution structure of a llama VHH was
determined by NMR (46) in which all the loops of the
domain were highly mobile. The rigid nature of our crystal
structure may not accurately portray the range of possible
cVH-E2 CDR3 orientations available, suggesting that any
clashes in our modeled dimer could be assuaged in solution.
However, since there are steric clashes at other interfacial
positions outside of the CDR3 loop, as described previously
for â-strands C and C′, CDR3 flexibility may not be
sufficient to allow a sterically favorably VH-VL-type dimer
to occur. Furthermore, comparison of the electrostatic surface
representation of the VL-binding face of cVH-E2 and VH-
POT (Figure 4) shows that there are notable differences
suggesting that there would be no charge complementarity
in our modeled VH-VL-type dimer. It is also notable,
however, that there are large differences between cVH-E2
and its parent molecule VH-P8 (Figure 4).

Recombinant immunoglobulin and T-cell antigen receptor
V domains have been shown to form dimers in solution. In
the crystal structure of the variable domain homodimer of
the antiphosphatidylcholine Fv fragment, a dimeric structure
is also seen (51). In this case, the VL monomers are
associated in an Fv-like fashion, facing each other through
a hydrophobic association similar to the VH-VL interface.
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A similar association is reported for the VR-VR dimer of
the T-cell antigen receptor (52), where one of the two VR
domains functions as Vâ, thereby mimicking a VRâ dimer
(53).

The arguments for and against the crystallographic dimer
being a representation of the cVH-E2 dimer in solution are
inconclusive. There may be another mode of nonclassical
dimerization available to cVH-E2 that involves an interaction
between the CDR3 loops, but on which, as yet, we have no
further structural information.

The X-ray structure of cVH-E2 confirms that camelization
has achieved its scope of avoiding dimerization at the
traditional VL-binding interface. We believe that the nature
of the CDR3 may be crucial for the success of camelization,
particularly at high concentrations, since the affinity-selected,
proline-rich CDR3 of cVH-E2 results in a concentration
dependent dimerization.
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